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   The organizing committee wishes to thank all attendees of the 18th International 
Taurine Meeting that took place in Marrakesh, Morocco, from April 7th to 13th. 
This year, the conference highlighted the “ Mystique of Taurine .” Taurine investiga-
tors have had the privilege of attending these scienti fi c meetings on three continents: 
Asia, Europe, and North America. This marked the  fi rst time that our conference 
was held in Africa. As a result, we present here the data from investigators from  fi ve 
of the six continents (sadly taurine research has yet to hit Antarctica). With this 
geographical expansion, the interest in taurine research has exponentially grown. 
This international meeting was attended by approximately 120 scientists. We pres-
ent here information on the roles of taurine in a variety of organ systems, from the 
brain to the reproductive system and every system in between. As you are keenly 
aware, there is certainly a mystique to taurine. Is it bene fi cial or harmful? Does it 
protect cells or induce cell death? Can it be used in conjunction with another mol-
ecule to bene fi t health or cause death? The answer (or at least a hint to the answer) 
to these and other questions lies within this body of works. Of course, not all ques-
tions were answered but there were many discussions that generated numerous new 
ideas that will be taken home and tested in the laboratory. 

 This meeting was also unique in that many undergraduate and graduate students 
from the College of Staten Island/CUNY attended and presented their research as 
part of a study abroad program. This opportunity represented the  fi rst time that most 
of these students attended an international conference. More importantly, it served 
to stimulate interest in taurine research and recruit future taurine researchers. We 
are greatly appreciative for the overwhelming support of the College of Staten 
Island’s administration, particularly Dr. Deborah Vess, Associate Provost for 
Undergraduate Studies and Academic Programs; Dr. William Fritz, the provost; 
Renee Cassidy, study abroad advisory from The Center for International Service; 
Debra Evans-Greene, Director of the Of fi ce of Access and Success Programs; and 
Dr. Claude Braithwaite of the City College of New York and the Louis Stokes 
Alliance for Minority Participation. 

    Preface 



vi Preface

 The abstracts of the conference were published in the journal “Amino Acids” 
(Vol. 42, Issue 4). We thank Drs. Lubec and Panuschka for making this possible. 

 Because of the success of this meeting, the organizing committee wishes to 
gratefully acknowledge the following:

   Taisho Pharmaceutical Co., Ltd., Tokyo Japan for their generous  fi nancial • 
support.  
  Professor Dr. Gert Lubec, FRSC (UK), Medical University of Vienna and Editor • 
in Chief of AMINO ACIDS.  
  Dr. Claudia Panuschka, Springer Wien, New York, Senior Editor Biomedicine/• 
Life Sciences.  
  Dr. Portia E. Formento, Editor, Biomedicine, Springer US.  • 
  Dr. Melanie Tucker (Wilichinsky) Editor, Genetics and Systems Biology, • 
Springer US.    

 On behalf of the organizing committee, I thank all the attendees of the 18th inter-
national Taurine Meeting and the sponsors that made this meeting possible. 

   Staten Island, NY ,  USA    Abdeslem   El Idrissi                
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  Abstract   Taurine, an endogenous amino sulfonic acid, exhibits numerous 
neuropsychopharmacological activities. Previous studies in our laboratory have 
shown that it is an effective anti-cataleptic and neuro-protective agent. Current 
investigations show that acute or chronic administration of psychotropic drug 
cocaine may increase extracellular release of endogenous taurine which may protect 
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of Taurine       
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and    Eitan   Friedman     



4 S.P. Banerjee et al.

against deleterious effects of the substances of abuse. Taurine administration was 
found to prevent cocaine-induced addiction by suppressing spontaneous locomotor 
activity and conditioned place preference. Taurine markedly delayed tail- fl ick 
response in rats which was signi fi cantly different from that in the group of animal 
receiving the same volume of saline, thereby indicating that taurine is a potentially 
valuable analgesic agent. Both taurine and endomorphin-1 were found to suppress 
the delayed broad negative evoked  fi eld potentials in anterior insular cortex (upper 
layer 5) by partially inhibiting NMDA receptor system. Thus, taurine is a unique 
psychopharmacological compound with potential for a variety of therapeutic uses 
including as a neuro-protective, anti-cataleptic, anti-addicting, and analgesic agent.  

  Abbreviations  

  NMDA     N -Methyl- d -aspartate   
  GABA    Gama-amino-butyric acid   
  APV    DL-2-Amino-5-phosphonopentanoic acid   
  CPP    Conditioned place preference         

    1.1   Introduction 

 We have focused our attention on the neuropsychological actions of taurine over the 
last several years. In this chapter, rather than trying to survey all known psychophar-
macological activities of taurine, we will restrict our discussion to investigations 
conducted in our laboratories. Previously, we reported that therapeutic actions of 
typical and atypical antipsychotic drugs are mediated, in part, by partial agonistic 
activity on the NMDA receptor subtype glutamatergic transmission (Banerjee et al. 
 1995 ;    Lidsky and Banerjee  1993 ,  1996 ;    Lidsky et al.  1997    ) . On the other hand, 
antipsychotic-induced side effects, such as catalepsy, were shown to occur as a 
result of complex changes in a variety of neurotransmitter functions, including 
glutamatergic and dopaminergic neuronal pathways in the striatum (Agovic et al. 
 2008  ) . It was proposed that haloperidol-induced catalepsy occurs due to augmenta-
tion of NMDA-mediated glutamatergic transmission, inhibition of dopamine D 

2
  

receptor-mediated transmission, and unchanged dopamine D 
1
  receptor-mediated 

transmission in the basal ganglia following chronic treatment of haloperidol (Agovic 
et al.  2008  ) . In order to investigate if haloperidol-induced catalepsy is mediated by 
the degeneration of dopaminergic neurons and/or changes in dopamine- and gluta-
mate-mediated transmissions, we studied the effects of chronic haloperidol admin-
istration on the dopaminergic neurons in the basal ganglia. Daily administration of 
haloperidol for 3 weeks caused a signi fi cant diminution of endogenous dopamine 
levels, and tyrosine hydroxylase activities as well as a signi fi cant increase in the 
densities of dopamine D 

2
  receptor in the basal ganglia (   Lidsky et al.  1994  and Lidsky 

et al.  1995  ) . These observations indicate that chronic haloperidol treatment may 
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cause degeneration of dopaminergic neurons in the basal ganglia as well as 
catalepsy. Interestingly, rats that were previously primed with a week of treatment 
of taurine and then given both haloperidol and taurine for 3 weeks, showed no 
development of catalepsy or signi fi cant changes in the levels of dopamine or tyrosine 
hydroxylase activities or in the dopamine D 

2
  receptor densities in the basal ganglia 

(Lidsky et al.  1995  ) . Taurine therefore appears to prevent both haloperidol-induced 
neurodegeneration of dopamine neurons in the basal ganglia and the development 
of catalepsy in rats. The probable mechanisms for the neuro-protective and anti-
cataleptic actions of taurine was proposed to be mediated by either its antagonism 
to glutamate-induced excitotoxicity and/or by its functioning as a partial agonist at 
the GABA 

A
  receptor (Quinn and Miller  1992  ) . In another study, we found that both 

pre- and postnatal exposure to cocaine-induced neurotoxicity retards the develop-
ment of dopamine neurons in the striatum. This was prevented by simultaneous 
administration of relatively high doses of the NMDA antagonist, clozapine (Lidsky 
and Banerjee  1992 ; Lidsky et al.  1993  ) , suggesting that cocaine-induced neurotox-
icity may occur due to the development of glutamate-mediated excitotoxicity 
(Yablonsky-Alter et al.  2005  ) . Since exogenous taurine appears to oppose the 
neurotoxicity mediated by psychotropic drugs, we wondered whether endogenous 
taurine levels would be altered as a consequence of chronic substances of abuse 
exposure. Therefore, we measured extracellular taurine levels in the striatum follow-
ing chronic cocaine treatment. Chronic cocaine administration signi fi cantly 
increased the extracellular levels of taurine in the striatum which further signi fi -
cantly increased following cocaine challenge to rats that previously had received 
chronic cocaine (Yablonsky-Alter et al.  2009  ) . Therefore, it appears that endoge-
nous taurine may oppose neurotoxicity induced by glutamate-mediated excitotoxicity, 
caused by the administration of exogenous psychotropic drugs. Taurine may open 
chloride channel through activation of a speci fi c taurine receptor which is indepen-
dent of GABA 

A
  or strychnine-sensitive glycine receptors to oppose glutamate-

induced excitotoxicity (Yarbrough et al.  1981 ; Okamoto et al.  1983a,   b  ) . Alternatively, 
taurine may directly interact with the NMDA receptor to suppress its activity. This 
possibility was investigated by adopting electrophysiological and receptor binding 
studies. Taurine inhibited glutamate-induced evoked  fi eld potential that is mediated 
by NMDA receptor system in vitro in the rat prefrontal cortex in the presence of 
picrotoxin used to block the taurine and GABA-sensitive chloride channel. Also, 
taurine reduced by at least ten-fold, the apparent af fi nity of glycine, as well as 
partially inhibited the polyamine-activated calcium channel opening in NMDA 
receptor system as analyzed by measuring speci fi c (3H)-MK-801 binding to NMDA 
receptor in the rat cortical membrane preparations (Chan et al.  2012  ) . 

 Thus, taurine may inhibit NMDA-mediated glutamatergic transmission by two 
independent mechanisms. First, it may open chloride channel on postsynaptic 
neurons to prevent depolarization and activation of NMDA receptor (Yarbrough 
et al.  1981 ; Okamoto et al.  1983a  ) . Second, by interacting directly with the NMDA 
receptor system, taurine has been reported to partially inhibit APV-sensitive 
glutamate cell  fi ring and polyamine-activated ( 3 H)MK-801 binding (Chan et al. 
 2012  ) . Since a number of NMDA receptor antagonists have been shown to 
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exhibit a variety of neuropsychopharmacological activities, as exempli fi ed by 
acamprosate showing anti-addicting action (Heilig and Egli  2006  )  and ketamine 
exhibiting antidepressant and analgesic actions (Autry et al.  2011 ; Sinner and 
Graf  2008  ) , we decided to investigate possible neuropharmacological effects of 
taurine and these are described below.  

    1.2   Methods 

    1.2.1   Experimental Procedures 

 All the experimental procedures adopted in the current studies have been thoroughly 
described previously. Electrophysiological methods are described in another chapter 
by Chan et al.  (  2012  ) . For this study, rat slices containing the rostral agranular insu-
lar cortex were prepared. Microdialysis assays to measure extracellular amino acids 
using high-pressure liquid chromatography (HPLC) have been previously described 
(Yablonsky-Alter et al.  2009  ) . Extracellular dopamine levels were collected by 
microdialysis and quanti fi ed by using HPLC (Yablonsky-Alter et al.  2005  ) . The 
methods for behavioral experiments including tail- fl ick test, spontaneous motor 
activity, and conditioned place preference have been previously described (Rodriguiz 
et al.  2008 ; Spinella et al.  1999 ;    Ragnauth et al.  2000,   2001,   2005  ) .  

    1.2.2   Statistic Analysis 

 Data were presented as mean ± S.E.M. Statistical signi fi cance of group means dif-
ference was measured by one-way analysis of variance (ANOVA), followed by 
Bonferroni’s post hoc analysis. The threshold for statistical signi fi cance was 
assumed at  p  < 0.05. All statistical tests were calculated using GraphPad Prism 
(GraphPad Software, San Diego California, USA).   

    1.3   Results 

    1.3.1   Effects of Acute and Chronic Cocaine Treatment 
on Striatal Amino Acid Release 

    1.3.1.1   Effects of Acute Cocaine Treatment 

 The basal extracellular levels of glutamate, glycine, and taurine in striata of control 
rats were found to be similar in range (Fig.  1.1a ). In contrast, the basal extracel-
lular level of glutamine was approximately two to four times that of other three 
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  Fig. 1.1    Comparison of extracellular basal levels of glutamate, glutamine, glycine, and taurine 
in striata of ( a ) normal and ( b ) acute cocaine-treated rats. ( a ) Two groups consisted of six rats 
in each group. Control group received saline, while acute group received 10 mg/kg of intraperi-
toneal cocaine 30 min before microdialysis procedure. Glutamine in the control group was 
severalfold higher compared to other amino acids; no signi fi cant difference was observed 
between other amino acids. One-way ANOVA:  n  = 6; *** p  < 0.01; Error bars, S.E.M. ( b ) Six, 
otherwise untreated rats were injected intraperitoneally with 10 mg/kg cocaine 30 min before 
the microdialysis collection. Only glycine extracellular concentrations were decreased 
signi fi cantly, while glutamine showed slight, not signi fi cant, increase. One-way ANOVA:  n  = 6; 
* p  = 0.0167; Error bars, S.E.M       

amino acids. Administration of 10 mg/kg of cocaine failed to alter the extracellular 
concentrations of glutamate and taurine (Fig.  1.1b ). While acute cocaine signi fi -
cantly decreased the extracellular levels of glycine, it increased striatal extracellular 
levels of glutamine; however, this change was not statistically signi fi cant (Fig.  1.1b ).   
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    1.3.1.2   Effects of Chronic Cocaine Treatment on Basal Amino Acids Levels 

 The effects of chronic cocaine administration on basal extracellular concentrations of 
the four amino acids are shown in Fig.  1.2a . Basal extracellular concentrations of 
glutamate, glutamine, and glycine were signi fi cantly decreased as compared to basal 

  Fig. 1.2       Extracellular release of glutamate, glutamine, glycine, and taurine in striatum after 
( a ) chronic cocaine treatment and ( b ) cocaine challenge to/in chronic cocaine-treated rats. ( a ) A group 
of six rats were injected intraperitoneally with 10 mg/kg cocaine, 6 days each week for 3 weeks and 
microdialysis was performed 24 h after the last injected dose. Compared to the control group (Fig  1.1a ), 
there was a signi fi cant decrease in glutamate, glutamine, and glycine, while taurine was signi fi cantly 
increased. One-way ANOVA:  n  = 6; * p  =0.3108; *** p  = 0.0020; Error bars, S.E.M. ( b ) A group of six 
rats that was previously treated with cocaine for 3 weeks was challenged 24 h after the last dose with a 
single dose of 10 mg/kg cocaine, 30 min before microdialysis procedure. An increase in all four neu-
rochemicals was recorded. One-way ANOVA:  n  = 6; * p  =0.3108; ** p  < 0.001; Error bars, S.E.M       
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control levels, whereas, interestingly, the concentration of taurine was signi fi cantly 
increased when measured 24 h following the last daily injection of cocaine.   

    1.3.1.3   Effects of a Cocaine Challenge in Chronic Cocaine-Treated Rats 

 A single 10 mg/kg injection of cocaine given to rats which had previously received 
3 weeks of chronic cocaine treatment, which was then withdrawn for 24 h, increased 
extracellular striatal levels of all amino acids including taurine (Fig.  1.2b ). 

 In conclusion, potential cocaine-induced neurotoxicity following acute or chronic 
administration may be opposed by two separate endogenous mechanisms. First, 
acute effects are probably mitigated by diminution of glycine release that would 
reduce over-activation of NMDA receptor function. Second, chronic effects of the 
psychomotor stimulant may be opposed by endogenous release of taurine.   

    1.3.2   Effects of Taurine on Cocaine-Induced Locomotor 
Sensitization and Conditioned Place Preference 

 Additional endogenous taurine release in response to chronic cocaine treatment led to 
us to investigate whether pharmacological administration of taurine would prevent 
cocaine-induced addiction. This was tested by studying the effects of on cocaine-
induced sensitization of locomotor activity and development of conditioned place 
preference (CPP). The effect of taurine on cocaine-induced augmentation of locomo-
tor activity is shown in Fig.  1.3a . These results indicate that taurine is a suppressor of 
cocaine-induced locomotor sensitization, suggesting that it may oppose psychomotor 
stimulant’s chronic effects including perhaps addiction. Next we investigated the 
in fl uence of taurine on cocaine-induced place preference acquisition (Fig.  1.3b ). 
Cocaine in a daily intraperitoneal (IP) dose of 15 mg/kg induced signi fi cant place 
preference acquisition after 8 days of habituation protocol. The psychomotor stimu-
lant when co-administered with taurine failed to develop conditioned place prefer-
ence. Thus, taurine may be effective in blocking cocaine-induced addiction.   

    1.3.3   Effect of Taurine on Tail-Flick Response in Rats 

 The NMDA receptor antagonist, ketamine, has been shown to be an effective anal-
gesic agent and prevents hyperalgesia (Mathisen et al.  1995 ; Sinner and Graf  2008 ; 
Tverskoy et al.  1994  ) . Therefore, we investigated the potential value of taurine in 
the management of pain by using tail- fl ick response in rats treated with either tau-
rine or saline. Taurine (100 mg/kg) or equal volume of saline was administered IP 
for 9 days to rats before subjecting them to tail- fl ick tests. Taurine signi fi cantly 
delayed the tail- fl ick response as compared to saline-treated animals (Table  1.1 ), 
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  Fig. 1.3    ( a ) Effect of taurine on cocaine-induced locomotor sensitization. Average locomotion 
during habituation phase did not vary signi fi cantly between any of the groups tested and is indi-
cated by the  dashed line . Daily taurine injections (100 mg/kg) failed to induce signi fi cant sensitiza-
tion after 5 days. When preceded by 7 days of daily 100 mg/kg of taurine preloading and daily 
injections of 15 mg/kg cocaine-induced sensitization as indicated by a signi fi cant increase in dis-
tance traveled at day 5 vs. day 1 (* =  t  test;  p  < 0.05). When co-administered with taurine (100 mg/
kg), cocaine failed to induce signi fi cant sensitization in animals that were primed with taurine after 
5 days. ( b ) Effect of taurine on cocaine-induced place preference acquisition. Cocaine (dose = 15 mg/
kg) injections induced signi fi cant place preference acquisition following an 8 day habituation pro-
tocol ( t  test;  p  < 0.05). When preceded by 7 days of taurine (daily 100 mg/kg) preloading and co-
administered with taurine (dose = 100 mg/kg), cocaine (dose = 15 mg/kg) failed to induce signi fi cant 
place preference acquisition       
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suggesting that it may be a useful analgesic agent. Interestingly, rats that received 
naltrexone (68  m g/kg) 15 min before the  fi nal dose of taurine showed no signi fi cant 
difference in the duration of time needed to exhibit tail- fl ick response as compared 
to saline- and naltrexone-treated animals (Table  1.1 ). The ability of naltrexone to at 
least partially block taurine-mediated analgesia indicates that taurine may relieve 
pain by activation of endogenous morphine pathways. Alternatively, opioids and 
taurine may diminish pain signals by the inhibition of glutamatergic transmission 
mediated by the NMDA receptor on CNS loci in pain pathways.   

    1.3.4   Effect of Taurine and Endomorphin-1 Glutamate Evoked 
Response in Anterior Insular Cortex 

 To seek support for the above possibility, we studied the effects of taurine and endo-
morphin-1 on evoked  fi eld potentials that were evoked in the upper layer-5 of rat 
rostral insular cortical slices by single pulses (0.04 Hz; 0.03 ms duration, 1.3× 
threshold current) delivered from concentric bipolar electrodes placed medial to the 
nucleus accumbens. Its response typically consisted of multiple wavelets, including 
a large negativity (Fig.  1.4 ), which is sensitive to the NMDA receptor antagonist 
APV (unpublished data). Bath application of either 2 mM taurine or 50  m M endo-
morphin-1 showed speci fi c inhibition of this presumed NMDA-receptor-mediated 
response (Fig.  1.4a, b , respectively). These results indicate that both taurine and 
endomorphin-1 may induce analgesia by the inhibition of glutamate transmission 
mediated by the NMDA receptor. The precise mechanisms for taurine- or endomor-
phin-1-mediated inhibition of the NMDA receptor in the CNS pain pathway includ-
ing the dorsal horn in the spinal cord remain to be elucidated.    

    1.4   Discussion 

 Taurine, which is an endogenous amino sulfonic acid, has been shown to be an 
inhibitory neuromodulator. Our previous studies have shown it to be an effective 
neuro-protective and anti-cataleptic agent (Lidsky et al.  1995  ) . Taurine exhibits 

   Table 1.1    Effect of taurine with and without naltrexone on tail- fl ick response   

 Condition  Mean tail- fl ick latency (s)  SE  Signi fi cance 

 Saline  11.32  ±1.72  ns 
 Saline + NTX  10.76  ±2.31  ns 
 Taurine  21.87  ±1.62  s 
 Taurine + NTX  11.78  ±3.07  ns 
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neuro-protection by physiological and pharmacological mechanisms. Chronic 
exposure to psychotropic drugs such as cocaine-induced body insult is opposed 
by additional extracellular release of taurine (Yablonsky-Alter et al.  2009 ; 
Fig.  1.2a ). This may be considered as a physiological mechanism for counteract-
ing the adverse effects of chronic intake of substances of abuse. Another possible 
physiological mechanism for protecting the central nervous system has been 
identi fi ed in this investigation. Acute administration of cocaine was found to 
suppress extracellular release of glycine (Fig.  1.1b ). Since glycine is a co-trans-
mitter with glutamate in the activation NMDA receptor (Lidsky and Banerjee 
 1993  ) , diminution of extracellular glycine release would be expected to reduce 
glutamatergic transmission and subsequent possible excitotoxicity. Therefore, 
two separate physiological mechanisms may be available to counteract adverse 
effects of substances of abuse. The mechanisms for development for such coun-
teractive protective mechanisms remain to be elucidated. Our and other studies 
indicate that an increase in either glutamate release or receptor sensitization may 

  Fig. 1.4    Effect of taurine and of endomorphin-1 on NMDA-receptor-mediated evoked response in 
rat anterior insular cortical slices. ( a ) Superimposed upper layer-5 rostral agranular insular cortical 
 fi eld potential responses to ventral medial cortical stimulation by single electrical pulses ( arrow 
head ) recorded from a slice superfused with arti fi cial cerebral spinal  fl uid (ACSF: control), 2 mM 
taurine, and ACSF wash. The taurine effect was restricted to the latter part of the negative wave, 
which is sensitive to NMDA receptor antagonists (unpublished data). ( b ) Experimental conditions 
were similar to those described in ( a ) except 50 nM endomorphine-1 instead of taurine was used. 
The endomorphine-1 effect was also mainly restricted to the latter part of the evoked response. 
Calibration scales for ( b ) apply to ( a )       
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often be associated with enhancement of taurine release, but how these different 
changes may be connected to each other is not known. 

 Although observed physiological mechanisms involving an extracellular increase 
in taurine and an extracellular decrease in glycine may potentially oppose deleteri-
ous effects of substances of abuse, these are not suf fi cient to prevent the develop-
ment of addiction. Drug addiction, however, may be opposed and possibly prevented 
by taurine-mediated pharmacological mechanisms. Our studies show that cocaine-
induced drug addiction as assessed by observing increase in locomotor activity and 
conditioned place preference may be prevented when animals are primed with 
 taurine for several days followed by simultaneous chronic cocaine and additional 
taurine administration (Fig.  1.2a, b ). Several mechanisms may be considered for 
pharmacological anti-addicting activity of taurine. Substances of abuse are believed 
to co-opt synaptic plasticity mechanisms in brain circuits that are involved in rein-
forcement and reward processing, as well as those which are responsible for learn-
ing and memory (Hyman et al.  2006  ) . Although a variety of neuronal systems play 
a role in the development of addiction, dopamine is recognized to play a leading 
role in reinforcement and reward processes, while the glutamatergic system is 
involved in learning and memory (Kauer and Malenka  2007  ) . Taurine may reduce 
glutamatergic activity by two separate mechanisms. First, taurine has been shown to 
open chloride channels which are independent of GABA and inhibitory glycine 
receptors to decrease depolarization state of the target cells (Yarbrough et al.  1981 ; 
Okamoto et al.  1983a,   b  ) . Second, taurine may directly interact at the glutamate 
NMDA receptor to suppress glutamatergic transmission (Chan et al.  2012  ) . In addi-
tion, preliminary microdialysis studies in our laboratory show that chronic taurine 
treatment is effective in decreasing extracellular basal levels of dopamine, and it 
prevents acute cocaine-induced increase in the synaptic levels of dopamine in the 
nucleus accumbens (data not shown). Thus, taurine may interfere with dopamine-
mediated reinforcing and rewarding processes to block drug addiction. 

 Pain stimuli are believed to originate in the primary afferent neuron at the periphery 
and then carried to the dorsal horn in the spinal cord, where it synapses with glutamate 
as well as other neuropeptide transmitters within the secondary neuron. Opioids have 
been shown to suppress release of glutamate and neuropeptides at the presynaptic sites 
in the dorsal horn and reverse or oppose postsynaptic depolarization by stimulating 
potassium ef fl ux to attenuate transmission of pain signals (Schumacher et al.  2012  ) . 
Clearly, NMDA receptor antagonists may exhibit analgesic activity, as has been shown 
for ketamine (Mathisen et al.  1995 ; Sinner and Graf  2008  ) . Therefore, we wondered if 
taurine would function as a pain-relieving agent. Interestingly, in the tail- fl ick assay, 
taurine was found to be an effective analgesic agent (Table  1.1 ). Surprisingly, the opi-
oid antagonist naltrexone markedly inhibited taurine-induced analgesia (Table  1.1 ), 
suggesting that either taurine may in fl uence the opioid receptor system either directly 
or by co-opting its intracellular signaling mechanisms involved in opioid-induced 
analgesia. Notably, the NMDA receptor antagonist, ketamine, is known to enhance 
opioid-induced analgesia (Mathisen et al.  1995  )  and prevent hyperalgesia (Tverskoy 
et al.  1994  ) , and ketamine has recently been shown to enhance the opioid-induced 
extracellular signal-regulated kinase 1/2 (ERK1/2) (   Gupta et al.  2011  ) . Since taurine 
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is a NMDA receptor antagonist (Chan et al.  2012  )  it is possible that taurine-mediated 
analgesic effect may be mediated by augmentation of ERK1/2 phosphorylation. 
Effects of taurine on opioid receptor system and opioid-induced ERK1/2 phosphoryla-
tion or mitogen-activated kinase are not known. Alternatively, taurine may not in fl uence 
opioid receptor nor opioid-induced intracellular signaling, and it may, instead, potenti-
ate endogenous opioid-induced inhibition of NMDA receptor activation by different 
independent mechanisms. Taurine has been shown to directly interactat the NMDA 
receptor complex to inhibit it at the postsynaptic site (Chan et al.  2012  )  and suppress 
glutamate release perhaps by opening chloride channel at the presynaptic site 
(Mochanova et al.  2007  )  to prevent depolarization at the presynaptic neurons. 

 Different mechanisms are involved in opioid-induced inhibition of glutamatergic 
transmission, such as opening of potassium channels at the postsynaptic site and 
closing of voltage-gated calcium channels at presynaptic site to suppress glutamate 
release (Fig.  1.5 ).  

 We propose that heat-induced pain leads to release of endogenous morphine 
peptides that may inhibit NMDA receptor system but fails to achieve the threshold 
level to cause prolongation of tail- fl icking duration. The action of pre-administrated 
taurine either sums with or potentiates the inhibitory effect of endogenous opioids 
on the NMDA-receptor-induced response to raise the inhibition past the required 
level for inducing analgesia. By the same token, the observed reversal of this anal-
gesic effect by naltrexone can be accounted for by a selective removal of the inhibi-
tion contributed by endogenous opioids such that the suprathreshold level of 
inhibition necessary for analgesia no longer exists (Table  1.1 ). Consistent with this 
hypothesis, we found that both taurine and endomorphin-1 inhibit glutamate-
induced evoked response (Fig.  1.4a, b ). 

 Finally, both opioids and taurine function as analgesic agents either share similar 
mechanisms or act by different modes of action to achieve the same goal of dimin-
ishing NMDA-mediated glutamatergic transmission. Taurine and opioids, however, 
exhibit opposite effects on drug-induced addiction. How do opioids cause addiction 
and how does taurine block this effect? It is believed that opioids disinhibit dop-
amine neurons in the ventral tegmental area by inhibiting GABA neurons at presyn-
aptic site by preventing release of GABA through inhibition of voltage-gated 
calcium channels and postsynaptic site in dendrites by activating potassium chan-
nels to suppress depolarization (Fig.  1.6 ;    Luscher  2012 ).  

 Disinhibition of dopamine neurons in the ventral tegmental area would be 
expected to stimulate dopamine release to reinforce reward system (Fig.  1.6 ; Hyman 
et al.  2006 ; Kauer and Malenka  2007  ) . In contrast, taurine has been shown to sup-
press dopamine release in the nucleus accumbens by microdialysis in our laboratory 
(unpublished results). Thus, taurine opposes substances of abuse-induced drug 
addiction while opioids sustain it.  
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  Fig. 1.5    Mechanisms for analgesic action of drugs mediated by the inhibition of glutamatergic 
transmission via NMDA receptor. The primary afferent neuronal pathway located in the periph-
ery carries pain signals to the dorsal horn of the spinal cord, where it synapses with the second-
ary afferent neuron via glutamate and neuropeptide transmitters. An opioid agonist may inhibit 
the pain signal at the periphery or by its action at the dorsal horn cell. In the primary afferent 
neuron, it may inhibit voltage-gated calcium channel at the presynaptic site to suppress gluta-
mate release and increase potassium ef fl ux to diminish depolarization of the postsynaptic neuron 
to oppose activation of NMDA receptor and glutamatergic transmission. On the other hand, 
taurine may open the chloride channel at the presynaptic site to suppress release of glutamate 
and directly interacts with NMDA receptor at the postsynaptic site to inhibit glutamatergic trans-
mission by different set of mechanisms than those utilized by opioids (Based on Schumacher 
et al.  2012  )        

    1.5   Conclusion 

 Our investigations have identi fi ed diverse neuropsychopharmacological actions 
of taurine and these include neuro-protection, anti-cataleptic actions, anti-addiction 
actions, and analgesic activity. In addition, we found that endogenous  taurine 
is released in the extracellular space perhaps to oppose harmful effects of 
substances of abuse.      
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  Fig. 1.6    Mechanisms for opioid-induced activation of the reward pathway. Dopaminergic neurons 
arising at the ventral tegmental area are believed to be involved in activating brain reward pathway 
in the nucleus accumbens and these are tonically inhibited by GABA interneurons. Opioids may 
inhibit GABA neuronal activity by suppressing GABA release to disinhibit dopaminergic neurons 
in activating the reward pathway. An opioid agonist may be either an endogenous substrate ( a ) or 
an exogenous drug ( b ). Interestingly taurine may have an opposite effect as unpublished studies in 
our laboratory indicate that taurine may suppress dopamine release in the nucleus accumbens, 
perhaps by opening chloride channel at the presynaptic site of dopaminergic neuron (Based on 
Martin et al.  2012  )        
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  Abstract   Taurine plays multiple roles in the CNS including acting as a  neuro-modulator, 
an osmoregulator, a regulator of cytoplasmic calcium levels, a trophic factor in 
development, and a neuroprotectant. In neurons taurine has been shown to prevent 
mitochondrial dysfunction and to protect against endoplasmic reticulum (ER) stress 
associated with neurological disorders. In cortical neurons in culture taurine 
protects against excitotoxicity through reversing an increase in levels of key ER 
signaling components including eIF-2-alpha and cleaved ATF6. The role of com-
munication between the ER and mitochondrion is also important and examples are 
presented of protection by taurine against ER stress together with prevention of 
subsequent mitochondrial initiated apoptosis.      

    2.1   Introduction 

 Taurine, or 2-aminoethanesulfonic acid, is a sulfonic acid which is derived from 
cysteine and it is one of the few naturally occurring sulfonic acids. Taurine is 
widely distributed in animal tissues and one of the most abundant amino acid in 
mammals. Taurine plays several crucial roles including modulation of calcium 
signaling, osmoregulation, and membrane stabilization. However, despite exten-
sive study, the mechanisms of action of taurine are not well understood. Based on 
past studies taurine has appeared as a promising agent for treating several neuro-
logical disorders including Alzheimer’s disease, Huntington’s disease, and stroke 
because of its ability to prevent apoptosis and its capacity to act as an antioxidant. 
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In this chapter, we will focus on the neuroprotective role of taurine. There has 
been extensive research demonstrating that taurine has a unique protective role 
and that it can downregulate several stress-associated proteins and increase neu-
ronal survival under conditions of glutamate-induced cytotoxicity, mitochondrial 
stress, and endoplasmic reticulum (ER) stress  ( Fig.  2.1  ) .  

    2.2   Taurine and Its Receptors 

 The taurine-synthesizing enzyme cysteine sul fi nic acid decarboxylase (CSAD) in 
the brain was  fi rst identi fi ed and puri fi ed (Wu  1982  )  and then localized in the hip-
pocampus (Taber et al.  1986  ) , cerebellum (Chan-Palay et al.  1982b ; Chan-Palay 
et al.  1982a  ) , and the retina (Chan-Palay et al.  1982b ; Chan-Palay et al.  1982a ; Wu 
et al.  1985  ) . Taurine ful fi lls most of the criteria as a neurotransmitter as the mole-
cule is released from neurons in a calcium-dependent manner and binds to speci fi c 
receptors postsynaptically (Lin et al.  1985a ; Lin et al.  1985b ; Wu and Prentice 
 2010 ; Wu et al.  1985  ) . Taurine is of great interest as a potential neuroprotectant 
preventing excitotoxicity caused by glutamate which is a major excitatory neu-
rotransmitter in the CNS. Part of the effect of taurine in neuroprotection involves 
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preventing calcium entry into neurons through its action on L, P/Q, and N-type 
calcium channels and NMDA-R calcium channels (Wu et al.  2005  ) . The mecha-
nisms by which taurine modulates voltage-gated calcium channels may involve 
binding to GABA/glycinergic receptors resulting in hyperpolarization. Under con-
ditions of excessive calcium entry taurine can downregulate this process. Taurine 
acts as an agonist of GABA and glycine receptors increasing the duration of chlo-
ride channel conductance (for review, Wu and Prentice  2010  ) . Besides taurine 
binding to GABAergic or glycinergic receptors, we have previously reported that 
there are also taurine-speci fi c receptors because blocking agents speci fi c to GABA 
and glycine receptors were found to exert only a minimal effect on taurine receptor 
binding in neurons (Wu et al.  1992 ). Taurine is also important for regulating 
osmotic stress, a cellular response that is reduced though taurine’s action on 
 blocking sodium/calcium exchangers, K(ATP) channels, voltage-gated calcium 
channels, and fast acting sodium channels (Takatani et al.  2004a  ) .  

    2.3   Role of Taurine in Mitochondrial Dysfunction 

 Mitochondria are highly sensitive to oxidative damage and there is much evidence 
of a cytoprotective role of taurine towards mitochondria in addition to other organ-
elles within the cell. In mitochondria, taurine has been shown to be a key regulator 
of levels of superoxide production and of oxidative phosphorylation since taurine 
de fi ciency results in oxidative stress in mitochondria through respiratory chain 
impairment. Many taurine-conjugated products are functionally involved in 
energy metabolism and cholesterol metabolism (Schuller-Levis and Park  2003 ; 
Yokogoshi et al.  1999  ) . One of the key products is 5-taurinomethyluridine-tRNA 
leu (UUR) which is involved in stabilization of U-G pairing in an anticodon loop 
transfer RNA (tRNA) responsible for ef fi cient decoding of UUG (Kurata et al. 
 2008  ) . Taurine de fi ciency lowers the taurinomethyluridine-tRNA leu encoded 
protein synthesis disabling ef fi cient assembly of respiratory chain components 
(Schaffer et al.  2009  ) .  

 Superoxide generation is the result of the diversion of electrons to acceptor oxy-
gen from the respiratory chain (Jong et al.  2011a ; Jong et al.  2011b  ) . Mitochondrial 
DNA mutations can cause mitochondrial dysfunction which has been found to be 
the primary cause of several kinds of mitochondrial disease. Some key studies have 
demonstrated that these mutated mt tRNAs are the result of the absence of posttran-
scriptional taurine-dependent modi fi cations leading to the molecular pathogenesis 
of mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like epi-
sodes (MELAS) and a second disease, myoclonus epilepsy, associated with ragged 
red  fi bers (MERRF) (Suzuki et al.  2002  ) . In an investigation of the protective role 
of taurine in a rat model of stroke it was shown that taurine can preserve mitochon-
drial function and prevent the cell death mediated by the mitochondrial pathway of 
apoptosis (Sun et al.  2011  ) .  
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    2.4   Role of Taurine in Endoplasmic Reticulum Stress 

 The accumulation of misfolded proteins leading to endoplasmic reticulum stress 
(ER stress) interferes with neuronal signaling and induces neuronal cell death. 
Under such conditions of neuronal stress the unfolded protein response (UPR) 
becomes activated to restore normal cellular function by activating three signaling 
systems: PERK (PKR-like endoplasmic reticulum kinase), IRE 1 (inositol-requiring 
enzyme 1), and ATF 6 (activation transcription factor 6) which then regulate protein 
synthesis during ER stress at both the transcriptional and posttranscriptional levels 
(Harding et al.  2003 ; Kaufman  1999  ) . In addition to misfolding of proteins, calcium 
overload and oxidative stress all can lead to endoplasmic reticulum stress (Lai et al. 
 2007  ) . The accumulation of unfolded proteins within the ER lumen leads to disso-
ciation of GRP 78 (glucose-regulated protein 78) from PERK, IRE1, and ATF 6, 
respectively, which is the initiating step in activation of these signaling molecules 
and their downstream signaling counterparts (Bertolotti et al.  2000 ; Shen et al. 
 2002  ) . The primary function of PERK, IRE1, and ATF 6 is to activate signaling 
events to overcome ER stress but under severe conditions of stress when the UPR 
system fails to restore correct protein folding and processing capacity PERK, IRE 
1, and ATF 6 can also activate apoptosis, not directly, but by activating downstream 
pro-death components including CHOP, JNK, and caspases (Anand and Babu  2012 ; 
Higo et al.  2010 ; Sokka et al.  2007  )   ( Fig.  2.1  ) . 

 Taurine is effective in reducing ER stress in a number of neural systems 
including PC12 cell cultures, primary neuronal cultures, and human neuroblas-
toma cell lines. Taurine exerts its neuprotective function in part by restoring the 
integrity of the structure and function of the ER. Treatment with taurine under 
conditions of oxidative stress, excitotoxicity, or hypoxic stress results in a 
decrease in levels of expression of a number of ER stress proteins including Grp 
78, CHOP/GADD153, p-IRE and p-eI0046–2 alpha protein, and caspase-12, as 
well as a decreased ratio of cleaved ATF6 and full-length ATF6 and a decreased 
ratio of Bax/Bcl2 (Pan et al.  2011 ; Pan et al.  2010  )   ( Fig.  2.1  ) .  

    2.5   Role of Taurine in Apoptosis 

 Taurine has the ability to downregulate several of the molecules that trigger apopto-
sis. In a recent study on neuronal cell cultures taurine treatment resulted in decreased 
levels of the Bax to Bcl-2 ratio after exposure to glutamate (Leon et al.  2009  ) . 
Taurine was able to prevent the decline in Bcl-2 expression in these cultures in the 
presence of glutamate (Leon et al.  2009  ) . A major route by which taurine can regu-
late apoptosis is by decreasing intracellular free calcium through inhibiting different 
types of calcium channels (Leon et al.  2009  )  and also by increasing of Ca 2+  levels in 
mitochondria (Taranukhin et al.  2010  )   ( Fig.  2.1  ) . 

 Furthermore beyond its reported antioxidant roles there is substantial evidence 
that taurine can act on apoptotic components and will help to restore the cellular 
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Bcl-2 pool. Previous studies have shown that taurine can prevent release of cyto-
chrome c from mitochondria and also suppress the assembly of the Apaf 1/cas-
pase-9 apoptosome complex preventing caspase-9 activation (Takatani et al.  2004b  ) . 
Further studies investigating this pathway revealed that taurine regulates the interac-
tion of Apaf 1 and caspase-9 through Akt (Takatani et al.  2004a  ) . 

 In an investigation of morphine-induced toxicity in C6 glioma cells taurine reversed 
the depletion of Bcl-2 levels in conjunction with increasing the activities of superox-
ide dismutase, catalase, and glutathione peroxidase (Taranukhin et al.  2010  ) . Thus 
taurine contributed to preventing the oxidative insult that resulted in morphine-induced 
apoptosis (Zhou et al.  2011  ) .  

    2.6   Role of Taurine in Neurological Diseases 

 In stroke the loss of blood supply leads to ischemic stress which is characterized 
by an increase in intracellular free calcium, elevated reactive oxygen species, and 
the development of acidosis. Previous studies have shown the ability of taurine 
to maintain neuronal calcium homeostasis and to prevent neuronal cell death 
occurring through necrosis or apoptosis as well as through ER stress (Mantopoulos 
et al.  2011 ; Zhang et al.  2010  ) . In stroke patients it is reported that plasma con-
centrations of taurine are increased (Ghandforoush-Sattari et al.  2011  ) . Further 
studies are examining the extent to which taurine levels may be a biomarker for 
recovery in stroke. In experimental stroke administration of taurine can protect 
in a dose-dependent manner through mechanisms that include up-regulation of 
calpastatin and down-regulation of calpain and caspase-3 (Sun et al.  2009  ) . In a 
recent analysis of the effects of taurine on in fl ammatory markers 22 h after a 2 h 
transient brain ischemia it was shown that both poly (ADP-ribose) polymerase 
(PARP)- and nuclear-factor-kappa-B (NF-kB)-driven expression of in fl ammatory 
mediators was suppressed by taurine (Sun et al.  2012  ) . Speci fi cally taurine 
administration resulted in decreased levels of tumor necrosis factor-alpha, inter-
leukin-i-beta, inducible nitric oxide synthase, and intracellular adhesion 
molecule-1. 

 A rat model of Huntington’s disease resulting from striatal lesions induced by the 
mitochondrial toxin 3-NP has been employed for an investigation of the protective 
effects of taurine. It was found that pretreatment with taurine signi fi cantly protected 
against the behavioral de fi cits in this model and increased locomotor activity (Tadros 
et al.  2005  ) . 

 In spinal cord injury, the neutrophils that migrate to the site of injury have 
been shown to contain high taurine concentrations. Using a spinal cord compres-
sion model, treatment with taurine was shown to inhibit expression of the pro-
in fl ammatory cytokine IL-6 and to decrease phosphorylation of STAT3 and 
expression of COX2. In the taurine-fed mice there was a reduced accumulation 
of neutrophils in addition to recovery of function of the mouse hind-limb 
(Nakajima et al.  2010  ) . 
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 In epilepsy an imbalance in amino acid content in epileptic foci is found which is 
characterized by low concentrations of glutamate and taurine and high levels of gly-
cine (Guilarte  1989  ) . Administration of taurine recti fi es this imbalance of amino 
acids through alterations in membrane  fl uidity and activation of membrane enzymes 
and transporters including the sodium/calcium exchanger (Jong et al.  2011b  ) . Several 
studies report that taurine can reverse epileptic symptoms (Junyent et al.  2011 ; 
Junyent et al.  2010  )  and in the KA experimental model increased taurine levels have 
been reported (Baran  2006  ) . Using a KA mouse model of epilepsy it was recently 
demonstrated that administration of taurine 12 h before KA administration elicited a 
reduction or even a disappearance of cellular and molecular KA-derived effects. 

 Elevated calcium in neurons is strongly linked to seizure activity and a recent 
study addressed the effects of taurine treatment in mice on the expression of pro-
teins in the hippocampus associated with calcium regulation. Taurine inhibited 
CaMKII activity in hippocampus which may be related to its neuroprotective effect. 
Other calcium-binding proteins including calbindin-D28k, calretinin, and parvalbu-
min were also increased in expression within the same time frame as the previously 
reported anticonvulsant effect of taurine (Junyent et al.  2010  ) .  

    2.7   Communication Between the ER and Mitochondrion 

 Communication between the ER and mitochondrion may play an important role 
in regulating intracellular free calcium levels. In stressed conditions the ER can 
trigger signaling events that result in cytochrome C release from the mitochon-
drion. An integral protein of the ER membrane BAP 31 (B-cell-associated pro-
tein 31) is a caspase cleavage product which has been shown to induce 
mitochondrial  fi ssion through ER-derived calcium signals that enhance cyto-
chrome C release (Rutter and Rizzuto  2000  ) . Once released, cytochrome C can 
translocate to ER where it binds with IP3R and causes a sustained increase in 
cytosolic calcium levels (Boehning et al.  2003 ; Wang and El-Deiry  2004  ) . ER 
stress resulting from the accumulation of unfolded proteins is associated with 
several neurological diseases including Alzheimer’s disease, Parkinson’s dis-
ease, and cerebral stroke. It is likely that in these disease conditions an increase 
in intracellular free calcium can lead to ER stress and that ER stress may also be 
responsible for triggering mitochondrial dysfunction and subsequent apoptosis. 
Therapeutic interventions controlling ER stress may therefore have potential for 
preventing apoptotic responses. In a study on the effect of taurine against tran-
sient focal cerebral ischemia one proposed protective mechanisms of taurine 
against ischemia was through blocking the mu-calpain and caspase-3-mediated 
apoptotic cell death pathways (Sun and Xu  2008 ). Taurine has been shown in a 
number of studies to diminish the damaging effects of ER stress. In a recent 
study on C. elegans exposed to the ER stress inducer tunicamycin it was found 
that taurine treatment was able to enhance longevity, mobility, and fecundity of 
the organism (Kim et al.  2010  ) .  
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    2.8   Conclusion 

 In summary, taurine exerts its neuroprotective function minimally through its action 
at both the mitochondrial and ER levels by decreasing the expression and/or the 
activity of Grp78, caspase-12, CHOP, ROS levels, Bim, and cytochrome C release 
and increasing the level of Bcl-2. The details of the mechanism at each step need 
further investigation.      
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  Abstract   Taurine is one of the most abundant amino acids in the central nervous 
system, and it has various important functions as a neuromodulator and antioxidant. 
Taurine is expected to be involved in the mental disorders such as depression; how-
ever, knowledge of its function in relation to depression is limited. In this research, 
we tried to elucidate the effects of taurine supplementation on antidepressant-like 
behaviors in rats and depression-related signal transduction in the hippocampus. In 
behavioral tests, rats fed a high taurine (HT: 45 mmol/kg taurine) diet for 4 weeks 
(HT4w) showed decreased immobility in the forced swim test (FS) compared to 
controls. On the other hand, rats fed a low taurine (LT: 22.5 mmol/kg taurine) diet 
for 4 weeks or an HT diet for 2 weeks (HT2w) did not show a signi fi cant difference 
in FS compared to controls. In western blot analyses, the expression of glutamic 
acid decarboxylase (GAD) 65 and GAD67 in the hippocampus was not affected by 
taurine supplementation. However, the phosphorylation levels of extracellular 
signal-regulated kinase1/2 (ERK1/2), protein kinase B (Akt), glycogen synthase 
kinase3 beta (GSK3 b ), and cAMP response element-binding protein (CREB) were 
increased in the hippocampus of HT4w and HT2w rats. Phosphorylated calcium/
calmodulin-dependent protein kinase II (CaMKII) was increased in the hippocam-
pus of HT4w rats only. Moreover, no signi fi cant changes in these molecules were 
observed in the hippocampus of rats fed an HT diet for 1 day. In conclusion, our 
discoveries suggest that taurine supplementation has an antidepressant-like effect 
and an ability to change depression-related signaling cascades in the hippocampus.  
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  Abbreviations  

  HT    High taurine   
  LT    Low taurine   
  FS    Forced swim test   
  GAD    Glutamic acid decarboxylase   
  ERK1/2    Extracellular signal-regulated kinase1/2   
  Akt    Protein kinase B   
  GSK3 b     Glycogen synthase kinase3 beta   
  CREB    cAMP response element-binding protein   
  CaMKII    Calcium/calmodulin-dependent protein kinase II         

    3.1   Introduction 

 Depression is one of the serious mental disorders and it affects approximately 20% 
of the population in the world (Berton and Nestler  2006  ) . To treat depression and 
other mental disorders, antidepressants including selective serotonin reuptake inhib-
itors (SSRIs) have been widely used in many countries. Possibly, SSRIs mediate 
their antidepressant effects via serotonergic systems in the brain; however, the func-
tions and effects of SSRIs on the brain are not largely elucidated. It has been reported 
that SSRIs have several aversive side effects including nausea and anorexia (Vaswani 
et al.  2003  ) . Recently, Kobayashi et al. described that chronic treatment of  fl uoxetine, 
one of the major SSRIs, induces the immaturation of dentate gyrus matured neurons 
in mouse hippocampus. Dentate gyrus immaturity has been shown to be involved in 
abnormal physiological properties in the hippocampus and to psychiatric disorder-
like behaviors (Kobayashi et al.  2010 ; Kobayashi et al.  2011  ) . Therefore, antide-
pressants without any harmful side effects should be developed to improve quality 
of life for depressive patients. Possibly, diet is one candidate for the prevention and 
treatment of depressive disorders. Nutrients should be widely screened for antide-
pressant-like activity. However, the antidepressant-like effects of nutrients have not 
yet been clari fi ed. The identi fi cation of such nutrients could raise the possibility of 
treating or preventing depression through dietary regimens. 

 Taurine is one of the most abundant amino acids in the brain (Hussy et al.  2000  ) . 
Taurine transporter (TAUT) is expressed in various tissues including those of the 
blood–brain barrier (Tamai et al.  1995  ) . Taurine is synthesized from cysteine and is 
known to have many important physiological functions such as membrane stabiliza-
tion, osmoregulation, and neuroprotection (Hussy et al.  2000 ; Timbrell et al.  1995 ; 
Tanabe et al.  2010  ) . Moreover, taurine acts as an agonist for glycine and gamma-
aminobutyric acid (GABA) receptors (Albrecht and Schousboe  2005 ; del Olmo 
et al.  2000a  ) . Additionally, taurine modulates intracellular calcium and calcium sig-
naling molecules in the brain (Wu and Prentice  2010  ) . Furthermore, taurine plays a 
key role in development, especially brain development. Mice whose mother was 
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infected with human in fl uenza virus during the gestational period suffer from brain 
atrophy and show a decreased concentration of taurine in the brain (Fatemi et al. 
 2008  ) . Down syndrome patients have an abnormal concentration of taurine in the 
frontal cortex (Whittle et al.  2007  ) . 

 Previous papers demonstrated that taurine concentration in the plasma of depres-
sive patients is increased, while its concentration in the cerebrospinal  fl uid of 
schizophrenic patients is decreased (Altamura et al.  1995 ; Do et al.  1995  ) . Perry 
et al. described that families that suffer from a hereditary taurine de fi ciency have a 
tendency to develop depression (Perry et al.  1975  ) . These observations show that 
taurine is related to depression and other mental disorders. Furthermore, acute stress 
using FS induced to increase the plasma concentration of taurine in mice (Murakami 
et al.  2009  ) . Taurine administration showed anxiolytic-like effects in mice and rats 
(Chen et al.  2004 ; Kong et al.  2006  ) . Murakami et al. reported that ICR mice fed a 
taurine-supplemented diet for 4 weeks showed antidepressant-like behaviors 
(Murakami and Furuse  2010  ) . On the other hand, Whirley et al. presented inconsis-
tent results that daily intraperitoneal injections of taurine for short term in C57BL/6 
mice had neither antidepressant-like nor anxiolytic-like effects (Whirley and Einat 
 2008  ) . Thus, more precise researches about the relation between taurine and depres-
sion are needed. 

 Depression is developed by various molecular changes in the brain. For exam-
ple, amino acids are involved in depression. Tryptophan and arginine were reported 
to have an antidepressant effect on FS (Inan et al.  2004 ; Wong and Ong  2001  ) . 
Moreover, neurotrophic factors have been related to depression. Brain-derived 
neurotrophic factor (BDNF) has been implicated in the pathophysiology of stress-
related mood disorders, and BDNF expression decreases after exposure to various 
stresses, including social defeat stress (Krishnan and Nestler  2008  ) . Conversely, 
infusion of BDNF protein into the hippocampus has shown antidepressant effects 
(Shirayama et al.  2002  ) . Murakami et al. reported that hippocampal BDNF expres-
sion is not in fl uenced by chronic administration of taurine (Murakami and Furuse 
 2010  ) ; however, the intracellular downstream of BDNF cascades and other extra-
cellular signals related to depression have not been characterized. Depression is 
related to various molecules in the brain including extracellular signal-regulated 
kinase1/2 (ERK1/2), protein kinase B (Akt), glycogen synthase kinase3 beta 
(GSK3 b ), calcium/calmodulin-dependent protein kinase II (CaMKII), and cAMP 
response element-binding protein (CREB) (Barbiero et al.  2007 ; Iio et al.  2011 ; 
Karege et al.  2007 ; Krishnan and Nestler  2008  ) . These signaling molecules play 
pivotal roles in depression and other psychiatric disorders. 

 Tomida et al. reported that mice with a gene mutation in the ubiquitin-speci fi c 
peptidase 46 (Usp46) show prolonged mobility in FS (Tomida et al.  2009  ) . An asso-
ciation between the Usp46 gene and major depressive disorder was observed in a 
haplotype analysis of the Japanese population (Fukuo et al.  2011  ) . Because the 
67-kDa isoform of glutamic acid decarboxylase (GAD) 67 was decreased in the 
hippocampus of the Usp46 mutant mice, hippocampal GAD67 is thought to be 
involved in behavioral despair and antidepressant-like behaviors in FS. 
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 In this study, we observed the effects of oral taurine supplementation on body 
weight, food intake, behavioral tests, and the expression and phosphorylation of 
depression-related proteins in the hippocampus.  

    3.2   Methods 

    3.2.1   Animals 

 Five-week-old male Wistar rats were obtained from Charles River (Yokohama, Japan) 
and housed individually at room temperature (22 ± 1°C), with lights on from 6:00 to 
18:00 with ad libitum access to food and water. All experimental procedures followed 
the guidelines of the Animal Care and Use Committee of Ibaraki University.  

    3.2.2   Experimental Design and Drugs 

 Animals were divided into six groups: control, HT4w, HT2w, HT1d, LT4w, and 
LT2w. The control group was fed a normal powder diet (MF; Oriental Yeast, Tokyo, 
Japan). The HT4w group was fed a high taurine (HT) diet (45 mol taurine/kg diet) 
for 4 weeks. The HT2w and HT1d groups were fed an HT diet for 2 weeks and 
1 day, respectively. The LT4w group was fed a low taurine (LT) diet (22.5 mmol 
taurine/kg diet) for 4 weeks, and the LT2w group was fed an LT diet for 2 weeks.  

    3.2.3   Behavioral Tests 

 All behavioral tests in this study were performed between 13:00 and 17:00 at a room 
temperature of 22 ± 1°C and a light intensity of 70 lx. 

  Open -  fi eld test  ( OF ): The method for OF was described previously (Iio et al. 
 2011  ) . Each subject was placed in the same corner of the open- fi eld apparatus. The 
total distance traveled (in cm), time spent in the center area (in s), and average speed 
(in cm/s) during the 10-min session were recorded, and the results were analyzed on 
a Windows computer using Image J XX (O’Hara & Co., Ltd.), a modi fi ed software 
program based on the public domain Image J program. 

  Forced swim test  ( FS ): The method for FS was described previously (Iio et al. 
 2011  ) . Each rat was placed into an acrylic cylinder  fi lled with water (24 ± 1°C) to a 
height of 18 cm. After 15 min, the animal was transferred to a 35°C environment for 
another 15 min (pretest). Twenty-four hours later, the subject was placed into the 
cylinder again for 5 min (test). Prior to each test, the cylinder was cleaned and  fi lled 
with fresh water.  
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    3.2.4   Body Weight and Food Intake 

 Body weight and food intake were measured at the end of the acclimation phase 
(baseline) and at weekly intervals during taurine administration. Body weight 
gain was calculated by subtracting baseline body weight from weight at the end 
of each week.  

    3.2.5   Protein Preparation and Western Blotting 

 After behavioral tests, all animals were subjected to biochemical analysis. Upon 
sacri fi ce, the rat’s brains were rapidly removed and chilled on ice and the hippocampi 
were dissected out. The tissue was homogenized in ice-cold RIPA buffer (50 mM 
Tris–HCl pH 7.4, 150 mM NaCl, 1% NP-40, 0.75% sodium deoxycholate, 1 mM 
EDTA, 100 mM NaF, 2 mM Na 

3
 VO 

4
 , and a protease inhibitor mix (GE Healthcare)) 

with a Polytron homogenizer. The homogenate was centrifuged at 800 ×  g  for 15 min 
at 4°C and the supernatant was collected. Protein concentration was determined 
using the BCA method (Thermo). The method of western blotting followed the pro-
tocols of the ECL plus western blotting detection reagents (GE Healthcare), except 
for the incubation time of the primary antibody. We changed the incubation time of 
the primary antibody from 1 h to overnight. Detection was performed using the ECL 
plus western blotting detection reagents and LAS-3000 mini (FUJIFILM). The 
results of western blotting were quantitatively analyzed using Image J.  

    3.2.6   Statistical Analysis 

 Data were analyzed using Excel Toukei 2006 for Windows (Social Survey Research 
Information Co., Ltd. Tokyo, Japan). The western blotting data were analyzed using 
Student’s  t -tests. The behavioral tests were analyzed using one-way ANOVAs and 
Bonferroni post hoc analysis. Body weight gain and food intake were analyzed 
using two-way repeated measures ANOVAs.   

    3.3   Results 

    3.3.1   The Effects of Chronic Taurine Supplementation 
on Body Weight Gain and Food Intake 

 Chronic taurine supplementation did not affect body weight gain. Before taurine 
supplementation, the body weights of both HT4w and control rats were similar 
(175.0 ± 1.9 g vs. 171.0 ± 2.1 g,  P  = 0.1780). A two-way repeated measures ANOVA 
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revealed that taurine supplementation ( F  (1, 72) = 0.026,  P  = 0.8748) and taurine 
supplementation × time interaction ( F  (4, 72) = 0.042,  P  = 0.9966) had no signi fi cant 
effect on body weight gain. Furthermore, taurine supplementation did not affect 
food intake. A two-way repeated measures ANOVA revealed that taurine supple-
mentation ( F  (1, 72) = 0.023,  P  = 0.8805) and taurine supplementation × time inter-
action ( F  (4, 72) = 1.283,  P  = 0.2846) had no signi fi cant effect on food intake. HT4w 
rats were fed taurine at 462.8 ± 12 mg/kg body weight/day during this study.  

    3.3.2   The Effects of Chronic Taurine Supplementation 
on Behavior 

 We observed a concentration-dependent effect of taurine supplementation on rat 
behavior. HT4w rats showed decreased duration of immobility in FS compared to 
controls (control, 199.9 ± 7.8 s vs. HT, 143.2 ± 15.9 s,  P  = 0.0430). However, LT4w 
rats did not show any signi fi cant differences in FS compared to control or HT4w 
rats (control vs. LT4w,  P  = 1.0000; LT4w vs. HT4w,  P  = 0.2441). Furthermore, 
different taurine concentrations in the diet did not affect activity in any of these 
parameters of OF: total distance traveled (control vs. LT4w,  P  = 1.0000; control vs. 
HT4w,  P  = 0.4966; LT4w vs. HT4w,  P  = 1.0000), time spent in the center area (control 
vs. LT4w,  P  = 1.0000; control vs. HT4w,  P  = 0.1728; LT4w vs. HT4w,  P  = 0.2994), 
and average speed (control vs. LT4w,  P  = 1.0000; control vs. HT4w,  P  = 0.5172; 
LT4w vs. HT4w,  P  = 0.9981). Then, we observed the effect of 2 weeks of taurine 
supplementation on rat behavior. Rats in all groups did not show any signi fi cant 
difference in immobility in FS (control vs. LT2w,  P  = 1.0000; control vs. HT2w, 
 P  = 1.0000; LT2w vs. HT2w,  P  = 1.0000). Moreover, 2 weeks of taurine supplemen-
tation had no signi fi cant effect on these parameters of OF: total distance traveled 
(control vs. LT2w,  P  = 0.6185; control vs. HT2w,  P  = 1.0000; LT2w vs. HT2w, 
 P  = 0.6946), time spent in the center area (control vs. LT2w,  P  = 1.0000; control vs. 
HT2w,  P  = 1.0000; LT2w vs. HT2w,  P  = 1.0000), and average speed (control vs. 
LT2w,  P  = 0.6416; control vs. HT2w,  P  = 1.0000; LT2w vs. HT2w,  P  = 0.6736).  

    3.3.3   The Effects of Chronic and Acute Taurine Supplementation 
on Hippocampal Protein Expression and Phosphorylation 

 We evaluated the effect of taurine supplementation on the expression of both GAD65 
and GAD67 in the hippocampus. We de fi ned HT1d, HT2w, and HT4w rats as acute-, 
subchronic-, and chronic-supplemented rats, respectively. In our results, taurine 
supplementation did not affect the expression of either GAD65 or GAD67 in the hip-
pocampus (4 weeks GAD65,  P  = 0.3506; GAD67,  P  = 0.9759; 2 weeks GAD65, 
 P  = 0.9434; GAD67,  P  = 0.7155; 1 day GAD65,  P  = 0.8896; GAD67,  P  = 0.1817). Then 
we observed the effects of taurine supplementation on the expression and phosphoryla-
tion of signi fi cant depression-related molecules in the hippocampus (Table  3.1 ). 
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First, we checked the expression and phosphorylation of ERK1/2 and CREB. The 
mitogen-activated protein kinase (MAPK)-CREB cascade plays an important role in 
depression (Berton and Nestler  2006 ; Iio et al.  2011  ) . In this study, the ratios of phos-
pho-ERK1/ERK1, phospho-ERK2/ERK2, and phospho-CREB/CREB were increased 
in the hippocampus of HT4w rats compared to controls (phospho-ERK1/ERK1, 
 P  = 0.0032; phospho-ERK2/ERK2,  P  = 0.0066; phospho-CREB/CREB,  P  = 0.0008). 
Similar results were obtained in the hippocampus of HT2w rats (phospho-ERK1/
ERK1,  P  = 0.0343; phospho-ERK2/ERK2,  P  = 0.0168; phospho-CREB/CREB, 
 P  = 0.0002). However, the MAPK-CREB cascade was not changed in the hippocam-
pus of HT1d rats (phospho-ERK1/ERK1,  P  = 0.7448; phospho-ERK2/ERK2, 
 P  = 0.9737; phospho-CREB/CREB,  P  = 0.9938). In the next step, we observed the 
expression and phosphorylation of Akt and GSK3 b  in the hippocampus. The phos-
phatidylinositol 3-kinase (PI3K)-Akt-CREB cascade in the hippocampus is also 
implicated in mood disorders (Karege et al.  2007  ) . In our results, the ratios of phos-
pho-Akt/Akt and phospho-GSK3 b /GSK3 b  were increased in the hippocampus of 
HT4w rats compared to controls (phospho-Akt/Akt,  P  = 0.0010; phospho-GSK3 b /
GSK3 b ,  P  = 0.0093). Similar results were obtained in the hippocampus of HT2w rats 
(phospho-Akt/Akt,  P  = 0.0187; phospho-GSK3 b /GSK3 b ,  P  = 0.0123). However, the 
PI3K-Akt cascade was not changed in the hippocampus of HT1d rats compared to 
controls (phospho-Akt/Akt,  P  = 0.5117; phospho-GSK3 b /GSK3 b ,  P  = 0.6296). 
Moreover, we checked the expression and phosphorylation of CaMKII, which is 
affected by antidepressant treatment (Barbiero et al.  2007  ) . In our results, the ratio of 
phospho-CaMKII/CaMKII was increased in the hippocampus of HT4w rats compared 
to controls (phospho-CaMKII/CaMKII,  P  = 0.0052).    However, the ratio of phospho-
CaMKII/CaMKII was not changed in the hippocampus of HT2w or HT1d rats compared 
to controls (2 weeks phospho-CaMKII/CaMKII,  P  = 0.8850; 1 day phospho-CaMKII/
CaMKII,  P  = 0.6176). The protein expression levels of the aforementioned molecules 
were not changed between control and taurine-supplemented rats.    

    3.4   Discussion 

 In this study, we investigated the function of taurine supplementation on behaviors and 
signal transduction in the rat hippocampus. Especially, we focused on characterizing 
the antidepressant-like effects of taurine using behavioral and biochemical approaches. 

   Table 3.1    Phosphorylation of signaling molecules in the hippocampus   

 1 day  2 weeks  4 weeks 

 ERK1  �  �  � 
 ERK2 �  �  � 
 Akt �  �  � 
 GSK3 b  �  �  � 
 CaMKII  �  �  � 
 CREB  �  �  � 
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A previous report showed that taurine has an antidepressant-like effect because 
mice fed a taurine-supplemented diet for 4 weeks displayed decreased immobility 
in FS (Murakami and Furuse  2010  ) . However, another report indicated that mice 
given short-term taurine injections did not show antidepressant-like behaviors 
(Whirley and Einat  2008  ) . These studies were carried out using different experi-
mental methods; therefore, the inconsistency of the results was dependent on 
differences in experimental animal strains, methods, and durations of taurine 
supplementation, among other factors. In our study, we tried to con fi rm an antide-
pressant-like effect of taurine using our original experimental methods using Wistar 
rats that were reared individually. Murakami et al. described that mice were reared 
in pairs to observe an antidepressant-like effect of taurine because housing mice 
individually decreased antidepressant sensitivity in FS (Murakami and Furuse 
 2010  ) . However, in our study, we observed an antidepressant-like effect of a taurine-
containing diet (45 mmol taurine/kg diet for 4 weeks) in FS using Wistar rats, 
although we adjusted the taurine intake per body weight of Wistar rats to the mice 
study by Murakami et al. (Murakami and Furuse  2010  ) . Therefore, the duration of 
taurine supplementation and taurine concentration in the diet may be essential for 
revealing an antidepressant-like effect of taurine in FS. We observed the effects of 
chronic taurine intake on body weight gain and food intake in rats for the following 
reasons. If rats dislike eating taurine-containing diets and their food intake is 
decreased, the total calories that rats take from foodstuff are decreased. Previous 
reports described that calorie-restricted mice show antidepressant-like behaviors 
(Lutter et al.  2008  )  and that this antidepressant-like effect of caloric restriction was 
dependent on neuropeptides related to feeding behaviors, such as orexin and ghrelin 
(   Berton and Nestler  2006 ; Lutter et al.  2008  ) . The taurine-containing diet (45 mmol 
taurine/kg diet) did not affect body weight gain or food intake in rats; thus, the 
results indicate that our behavioral and biochemical studies using taurine-fed rats 
are not in fl uenced by the antidepressant-like effects of caloric restriction. 

 Next, we observed the effects of chronic taurine supplementation on rat behavior. 
The taurine-supplemented diet did not in fl uence behaviors in OF. HT4w rats showed 
antidepressant-like behavior in FS, while HT2w rats did not. These results indicate 
that the antidepressant-like effects of taurine are not revealed after two successive 
weeks of supplementation but that four successive weeks of supplementation are 
needed to reveal an antidepressant-like effect of taurine. Moreover, because LT4w 
rats did not show antidepressant-like behavior in FS, four successive weeks of tau-
rine supplementation are insuf fi cient to reveal antidepressant-like activity in rats. 
An HT diet may be necessary to obtain antidepressant-like effects of taurine in rats 
because the HT diet contained taurine at 45 mmol taurine/kg diet. Taurine supple-
mentation is known to increase exercise performance. Rats fed with taurine at 
100 mg taurine/kg body weight/day for 2 weeks increased exercise performance on 
a treadmill (Miyazaki et al.  2004 ; Yatabe et al.  2003  ) . In our study, the rats fed with 
taurine at approximately 400–500 mg taurine/kg body weight/day for 4 weeks did 
not change their locomotor activity or average speed in OF. Therefore, OF was not 
in fl uenced by the ability of taurine to improve physical endurance. Our FS data 
were also not in fl uenced by this ability of taurine because taurine improves physical 
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endurance with a dose less than that of a taurine-supplemented diet (Miyazaki et al. 
 2004 ; Yatabe et al.  2003  ) . Therefore, we think that chronic supplementation of tau-
rine shows antidepressant-like effects in rats. The dose of taurine and duration of its 
supplementation are critical to reveal the antidepressant-like effects of taurine. 
Similarly, chronic exposure to antidepressants is required for clinical utility in 
depressive patients, while acute exposure is insuf fi cient for recovery from depres-
sion. The action mechanisms of antidepressants are not yet completely understood. 
A previous report described that chronic imipramine (a tricyclic antidepressant) 
modi fi es the chromatin structure of the BDNF gene promoter, enhances BDNF 
expression in the hippocampus, and reverses depression-like behaviors in socially 
defeated mice (Tsankova et al.  2006  ) . 

 Because TAUT is highly expressed in hippocampal CA3, taurine is implicated 
in signi fi cant functions in the hippocampus (Sergeeva et al.  2003  ) . The antide-
pressant actions of chronic taurine may be based on long-term modi fi cations in 
neurotransmitters and/or signal transduction in the hippocampus. Due to these 
estimations, we focused on signal transduction and enzymes related to depres-
sion in the hippocampus. 

 We observed the effects of chronic taurine supplementation on the GABAergic 
system in the hippocampus. Taurine acts as a neuromodulator and functions as an 
agonist for glycine and GABA receptors (Albrecht and Schousboe  2005 ; del Olmo 
et al.  2000a  ) . Tomida et al. reported that Usp46 mutant mice show negligible 
immobility in FS and the tail suspension test. These anti-immobile behaviors in 
Usp46 mutant mice were dependent on the decreased expression of GAD67 in the 
hippocampus (Tomida et al.  2009  ) . Furthermore, the Usp46 gene is implicated in 
major depression (Fukuo et al.  2011  ) . Because immobility in FS has been linked to 
the regulation of GABA action in the hippocampus, we observed the expression of 
both GAD65 and GAD67 in the hippocampus of rats that were chronically admin-
istered taurine. Chronic taurine supplementation did not affect the expression of 
either GAD65 or GAD67 in the hippocampus. Thus, the antidepressant-like effects 
of taurine are not based on the downregulation of GAD65 and GAD67 in the 
hippocampus. 

 Chronic taurine supplementation affected the phosphorylation of several key 
molecules related to depression in the hippocampus. In both HT4w and HT2w rats, 
increased phosphorylation of ERK1/2, Akt (Thr-308), GSK3 b  (Ser-9), and CREB 
(Ser-133) was observed in the hippocampus compared to control rats. Moreover, 
phosphorylation of CaMKII (Thr-286) was increased in HT4w rats. However, no 
signi fi cant change in the phosphorylation of these molecules was observed in HT1d 
rats. Acute oral supplementation of taurine could not induce profound effects on 
signal transduction in the hippocampus, but the long-term administration of taurine 
induced several profound changes in depression-related signal transduction. CREB, 
which is one of the molecules downstream of MAPK, serotonin (5-HT), and BDNF, 
plays a pivotal role in depression (Tsankova et al.  2006  ) . Phospho-ERK1/2 and 
phospho-CREB were increased in the hippocampus after 2 weeks of taurine admin-
istration. A previous report showed that hippocampal ERK1/2 and CREB are acti-
vated by treatment with an antidepressant (Qi et al.  2006  ) . Also, the expression of 
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BDNF in the hippocampus is upregulated with antidepressant treatment, as described 
above (Tsankova et al.  2006  ) . Furthermore, acute infusion of BDNF in the hip-
pocampus induced antidepressant effects in a behavioral model of depression 
(Shirayama et al.  2002  ) . BDNF also facilitates the PI3K-Akt cascade in the hip-
pocampus (Zheng and Quirion  2004  ) . Akt is activated by PI3K with its phosphory-
lation of Thr-308 and Ser-473, and then phospho-Akt phosphorylates the Ser-133 of 
CREB and the Ser-9 of GSK3 b  (Du and Montminy  1998  ) . Phospho-CREB (Ser-
133) is an active transcriptional form. Phospho-GSK3 b  (Ser-9) is an inactive form 
of the kinase, and dephosphorylated GSK3 b  phosphorylates the Ser-129 of CREB. 
Finally, phospho-CREB (Ser-129) has an attenuated DNA-binding activity, and its 
transcriptional activity is decreased (   Grimes and Jope  2001  ) . In our observations, 
both phospho-Akt (Thr-308) and phospho-GSK3 b  (Ser-9) were increased in the 
hippocampus of rats administered taurine for 2 weeks. Phospho-Akt (Ser-473) was 
also increased in the hippocampus with 2 weeks of taurine administration (data not 
shown). However, these molecules might not play an essential role in the antide-
pressant-like effect of taurine, because the phosphorylation of Akt, GSK3 b , and 
CREB with taurine administration was observed in HT2w rats, which did not show 
any signi fi cant change in antidepressant-like behavior compared to controls. 
Moreover, Murakami et al. reported that the expression of the BDNF protein in the 
hippocampus of mice fed a taurine-containing diet for 4 weeks was not altered 
(Murakami and Furuse  2010  ) . Taurine could possibly activate MAPK and PI3K 
cascades via a BDNF-independent pathway in the hippocampus, although these 
cascades may be not necessary to reveal an antidepressant-like effect of taurine. 

 CaMKII is an abundant serine/threonine protein kinase in the brain. The kinase 
is activated by the binding of the calcium/calmodulin complex that generates 
calcium-dependent enzymatic activity. CaMKII plays pivotal roles in synaptic plas-
ticity, the process underlying learning and memory in the hippocampus (Silva et al. 
 1992a ; Silva et al.  1992b  ) . In this study, we found that phospho-CaMKII was 
increased only in HT4w rats that revealed an antidepressant-like behavior in FS, 
while it was not observed in other groups of rats fed a taurine-supplemented diet. 
Therefore, the increase in phospho-CaMKII in the hippocampus may be critical to 
the antidepressant-like effect of taurine. CaMKII is also implicated in the pathophys-
iology and pharmacology of psychiatric disorders, because postmortem brain stud-
ies of patients with bipolar or unipolar depression indicate signi fi cantly reduced 
CaMKII mRNA levels in certain brain regions (Xing et al.  2002  ) .  a -CaMKII-
de fi cient mice exhibit abnormal behaviors resembling schizophrenia and other 
human psychiatric disorders (Yamasaki et al.  2008  ) . Thus, CaMKII has been found 
to be one of the target molecules for antidepressants. Chronic treatment with antide-
pressants increased CaMKII activity in the hippocampus, but acute treatments did 
not induce any change in the kinase (Barbiero et al.  2007 ; Tiraboschi et al.  2004  ) . 
Also, chronic treatment with antidepressants increased the phosphorylation of 
CaMKII (Thr286) in neuronal cell bodies in the hippocampus (Tiraboschi et al. 
 2004  ) . However, chronic treatment with antidepressants downregulated the phos-
phorylation of CaMKII (Thr286) in synaptic terminals and synaptic membranes in 
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the hippocampus. The decrease in CaMKII phosphorylation reduced its interaction 
with syntaxin-1, thereby changing protein–protein interactions at glutamatergic pre-
synaptic terminals and reducing depolarization-evoked glutamate release (Barbiero 
et al.  2007 ; Bonanno et al.  2005  ) . However, a previous report indicated that short-
term treatment with taurine inhibited CaMKII activity in the hippocampus (Junyent 
et al.  2010  ) . Therefore, there may be some different physiological mechanisms 
between the short- and long-term applications of taurine. Recently, Han et al. 
reported that chronic treatment with ne fi racetam, a prototype cognitive enhancer, 
signi fi cantly improved depression-like behaviors in olfactory bulbectomized (OBX) 
mice, one of the popular animal models of depression. The improvement of depres-
sion-like behaviors was associated with activation of CaM kinases, including 
CaMKII, in the hippocampus, amygdala, and prefrontal cortex. In addition to 
CaMKII auto-phosphorylation, CaMKI and CaMKIV may be required to counter-
act depressive behaviors through CREB phosphorylation in OBX mice (Han et al. 
 2009  ) . Furthermore, CaMKIV knockout mice and calcineurin knockout mice 
showed symptoms like mood disorders (Miyakawa et al.  2003 ; Takao et al.  2010  ) . 
Taurine plays a crucial role in cellular calcium homeostasis (Junyent et al.  2010  ) , 
and chronic taurine administration may have antidepressant-like activities due to 
activation of CaMKII in the hippocampus. 

 We found that chronic taurine administration has a strong ability to induce 
modi fi cations in various signaling cascades in the hippocampus, as described 
above, although the precise mechanisms remain unclear. Because taurine acts as an 
agonist for glycine and GABA receptors, neuronal activities in the hippocampus 
and in other brain regions may be changed by oral taurine administration (del Olmo 
et al.  2000a  ) . Taurine also induces a long-lasting potentiation of excitatory synap-
tic potentials in hippocampal slices, which is related to the intracellular accumula-
tion of taurine (del Olmo et al.  2000b ; del Olmo et al.  2003 ; Galarreta et al.  1996  ) . 
Taurine-induced synaptic potentiation requires calcium in fl ux and shares some 
common mechanisms with tetanus-induced long-term potentiation (del Olmo et al. 
 2000b  ) . Taurine potentiates presynaptic NMDA receptors in hippocampal Schaffer 
collateral axons (   Suárez and Solís  2006  ) . Chronic taurine administration may 
induce the intracellular accumulation of taurine in hippocampal neurons and mod-
ify intracellular calcium concentration and activate CaMKII. Because chronic, but 
not acute, taurine application was needed to facilitate the phosphorylation of 
ERK1/2, Akt, GSK3 b , CREB, and CaMKII in the hippocampus, intracellular and/
or extracellular accumulation of taurine in the brain may be essential to reveal 
antidepressant-like actions. Additionally, some reports have indicated that taurine 
acts as a trophic factor in neuronal tissues and nonneuronal tissues (Hernández-
Benítez et al.  2010 ; Jeon et al.  2007 ;    Lima and Cubillos  1998  ) . However, the pre-
cise function of taurine as a trophic factor in the brain remains to be elucidated. In 
future studies, we need to investigate the relationship between taurine supplemen-
tation and the expression of neurotrophic factors in the brain, such as nerve growth 
factor, BDNF, and neurotrophin 3, and especially we should focus on the transcrip-
tional regulation and epigenetics of these genes. Moreover, there is a possibility 
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that intracellular taurine uptaken by the taurine transporter modi fi es signal trans-
duction in the hippocampus. Oral taurine administration induces an increase in 
taurine concentration in various tissues including cerebral cortex and hypothala-
mus (Miyazaki et al.  2004 ; Murakami and Furuse  2010  ) . However, hippocampal 
taurine concentration of taurine-fed rats has not been analyzed in this study. And 
oral taurine administration did not affect the concentration of serotonin in cerebral 
cortex and hypothalamus, but the serotonin synthesis and release in the hippocam-
pus was not elucidated (Murakami and Furuse  2010  ) . Thus, the effects of oral 
taurine administration on hippocampal taurine metabolism and serotonergic sys-
tem should be investigated in the future studies. Intracellular taurine accumulation 
may be essential for inducing the modi fi cation of signal transduction in the hip-
pocampus, although the precise mechanism should be investigated.  

    3.5   Conclusion 

 We found that chronic taurine supplementation at 45 mmol taurine/kg diet for 
4 weeks induces antidepressant-like effects in rats (Table  3.2 ). The bene fi cial effects 
of chronic taurine supplementation in rats might be mediated by phosphorylation of 
CaMKII in the hippocampus. In addition to CaMKII phosphorylation, the increase 
in hippocampal phospho-ERK1/2, phospho-Akt, phospho-GSK3 b , and phospho-
CREB may be required to reveal the antidepressant-like activities of taurine. 
Although taurine has various physiological effects on human health, its antidepres-
sant action may be useful for combating depression. Further clinical study is required 
to evaluate the application of these  fi ndings for human health.       
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   Table 3.2    Effects of HT on behaviors and hippocampal signal transduction   

 1 day  2 weeks  4 weeks 

 Body weight gain  NT  NT  ND 
 Food intake  NT  NT  ND 
 Immobility of FS  NT  ND  Down 
 GAD 65 and 67  ND  ND  ND 
 MAPK cascade  ND  Up  Up 
 IP3K-Akt cascade  ND  Up  Up 
 CaMKII  ND  ND  Up 

   NT  not tested,  ND  no difference  
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  Abstract   Taurine has neuroprotective capabilities against glutamate-induced 
excitotoxicity through several identi fi ed mechanisms including opening of the 
Cl −  channel associated with GABA 

A
  and glycine receptors, or a distinct Cl −  

channel. No existing work has however shown a direct interaction of taurine 
with the glutamate NMDA receptor. Here we demonstrate such direct interac-
tions using electrophysiological and receptor binding techniques on rat medial 
prefrontal cortical (mPFC) slices and well-washed rat cortical membrane. 
Electrically evoked  fi eld potential responses were recorded in layer 4/5 of mPFC 
in the presence of picrotoxin to prevent opening of Cl −  channels gated by GABA 
or taurine. Applied taurine markedly diminished evoked-response amplitude at 
the peak and latter phases of the response. These phases were predominantly 
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sensitive to the NMDA antagonist, MK-801, but not the AMPA/kainate receptor 
antagonist CNQX. Furthermore, this taurine effect was blocked by APV pre-
treatment. Taurine (0.1 mM) decreased spermine-induced enhancement of 
speci fi c ( 3 H) MK-801 binding to rat cortical membrane in the presence of gly-
cine, though it was ineffective in the absence of spermine. Our preliminary work 
shows that taurine diminished the apparent af fi nity of NMDA receptor to gly-
cine in the presence of spermine. These results indicate that taurine may directly 
interact with the NMDA receptor through multiple mechanisms.  

  Abbreviations  

  AMPA    (RS)- a -Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid   
  ACSF    Arti fi cial cerebral spinal  fl uid   
  APV     Dl -2-Amino-5-phosphonopentanoic acid   
  CNQX    6-Cyano-7-nitroquinoxaline-2,3-dione   
  GABA    Gamma-aminobutyric acid   
  mPFC    Medial prefrontal cortex   
  NMDA     N -Methyl- d -aspartate   
  TAG    6-Aminomethyl-3-methyl-4H-1,2,4-benzothiadiazine 1,1-dioxide         

    4.1   Introduction 

 It is well established that excessive stimulation of glutamate receptors can cause 
cell damage and cell death, i.e., excitotoxicity (Coyle and Puttfarcken  1993 ; 
Ikonomidou et al.  1999 ; Besancon et al.  2008  ) . Taurine may be neuroprotective 
against glutamate-induced excitotoxicity by decreasing the intracellular levels of 
free calcium (El Idrissi and Trenkner  1999 ; Chen et al.  2001 ; Saransaari and Oja 
 2000 ; Lidsky et al.  1995  ) . Several mechanisms have been demonstrated to under-
lie this function, including diverse modes of interactions of taurine with intracel-
lular or membrane transporters, as well as Ca 2+  or Cl −  channels (El Idrissi and 
Trenkner  2003 ; Wu et al.  2005  ) . Notably, taurine has inhibitory properties through 
gating a Cl −  channel shared with GABA and glycine, thereby reducing Ca 2+  in fl ux 
through voltage-gated Ca 2+  channels or the NMDA receptor (Belluzzi et al.  2004  ) . 
In addition, a similar indirect effect can alternatively be mediated by a taurine-
speci fi c Cl −  channel. This channel is exclusively sensitive to 6-aminomethyl-3-
methyl-4H-1,2,4-benzothiadiazine 1,1-dioxide (TAG, Yarbrough et al.  1981 ; 
   Frosini et al.  2003a,  b  ) , though interestingly it is also sensitive to picrotoxin, the 
GABA 

A
  receptor noncompetitive antagonist (Molchanova et al.  2007  ) . No previ-

ous work has indicated a direct interaction of taurine with the glutamate NMDA 
receptor. We aimed to examine the merits of this possible mechanism electro-
physiologically, using a saturating dose of picrotoxin in all control and drug solu-
tions so as to isolate any observed taurine effects from those requiring Cl −  channel 
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activation. We also performed ( 3 H) MK-801 (10 nM) binding studies to evaluate 
direct taurine interactions with the NMDA receptor.  

    4.2   Methods 

    4.2.1   Rat Brain Slice Preparation and Field Potential Recording 

 DL-APV was purchased from Tocris Bioscience (Minneapolis, MO). Male Sprague 
Dawley rats of 4–6 weeks of age were purchased from Taconic Farms (Albany, 
NY) and housed in the City College of New York animal facilities. All procedures 
for care and use of the rats adhered to the protocols approved by the City College 
Institutional Animal Care and Use Committee. We prepared 400- m m brain slices in 
ice-cold arti fi cial cerebral spinal  fl uid (ACSF) from adult male rats by slicing at 
30° to the coronal plane, with the dorsal edge of the cutting plane being most 
anterior, as previously described (Orozco-Cabal et al.  2006  )  using a Vibratome 
(Technical Products International). Standard procedures for electrophysiological 
recording from brain slices were followed, including the makeup of the ACSF. 
Compounds dissolved in ACSF were applied through the chamber as needed 
from a side tube in the superfusion line. We stimulated the tissue with single nega-
tive current pulses (0.1 ms, 0.04 Hz; current about 1.5×threshold), delivered to a 
ventral cortical location 500–600  m m from the medial edge and about 1 mm ven-
tral to the recording location in the infralimbic area of mPFC via a concentric 
electrode. D.C.-ampli fi ed signals were digitally averaged over six frames.  

    4.2.2   Neurochemistry 

 Rat cortical tissue for receptor binding assay was purchased from Pel-Freeze 
Biologicals, (Rogers, AR). ( 3 H) MK801 (24 Ci/mmol) was purchased from 
PerkinElmer Life and Analytical Sciences (Boston, MA). Standard receptor binding 
techniques were used (Banerjee et al.  1995  ) . The rat cortical tissue was homogenized 
and centrifuged at 49,000 ×  g  twice, frozen and thawed and washed thrice. Receptor 
binding assays were carried out by incubating 800  m l of the crude fractions contain-
ing 0.8 mg tissue each with radiolabeled ( 3 H) MK-801 for 45 min at 25°C and then 
 fi ltered. The  fi lters were washed and processed for conventional scintillation count-
ing. To determine nonspeci fi c binding, a parallel set of tubes was incubated with a 
large excess of 100  m M nonradioactive MK-801 ligand. Speci fi c binding is deter-
mined as the difference between total binding and nonspeci fi c binding. 

 We stimulated speci fi c ( 3 H) MK-801 (10 nM) binding with glycine (30  m M). The 
data were  fi tted to the one-site binding or one-site competition equation using 
Prism-3 software (Graphpad, La Jolla), based on nonlinear least-square regression.   
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    4.3   Results 

    4.3.1   Taurine Inhibited Evoked Responses in Layers 4/5 
of Rat mPFC 

 The population response to single-pulse electrical stimulation was characterized 
using MK-801and CNQX. 10  m M MK-801, the NMDA receptor antagonist, 
drastically reduced the amplitude of the major negative (excitatory) wave in the 
evoked response. The peak as well as latter parts of this response was most 
affected (middle trace, Fig.  4.1a ). When 10  m M CNQX, the AMPA/kainate 
antagonist, was subsequently co-applied with APV to the same slice, the remain-
ing response further reduced in amplitude, mainly in the initial part of the 
response (top trace). The differential inhibition by these two antagonists thus 
showed that the earlier part of the evoked response is mediated by the AMPA/
kainate receptor, whereas the middle (peak) and the long trailing parts are pre-
dominantly mediated by NMDA receptors.  

 We tested the effect of taurine on the evoked response in the mPFC. Bath applied 
taurine (0.1–10 mM) caused inhibition of this response. A typical response in the 
presence of 2 mM taurine (six slices) is shown in Fig.  4.1b . Taurine robustly and 
selectively reduced the response around the peak and latter phases of the response, 
and spared the initial phase. This phase-speci fi c characteristic was shared by the 
action of MK801 but not that of CNQX, indicating a taurine effect on the NMDA 
receptor-mediated response component. The presence of a saturating dose of picro-
toxin in all control and drug solutions precluded the possibility that taurine’s inhibi-
tion of the NMDA receptor was mediated by involvement of one of the two Cl −  channels 
known to be associated with taurine.  

    4.3.2   The Inhibition of the Evoked Response by Taurine 
Was Blocked by Co-Applied APV 

 Another NMDA antagonist, APV, was bath applied to con fi rm the above  fi nding. 
APV (100  m M) also inhibited the peak and latter part of the evoked response in all 
slices tested. In many (seven) but not all slices, the initial phase of the large negative 
wave was enhanced rather than inhibited (Fig.  4.2 ). This was likely due to disinhibi-
tion of major neuronal elements through inhibition by APV of GABA release from 
interneurons, which would have stimulated the GABA 

B
  receptor even as GABA 

A
  

receptors had been functionally blocked by picrotoxin in the recording solution. We 
tested the effect of taurine on the evoked response that had been pretreated with 
100  m M APV. In all four pretreated slices tested, 2 mM taurine failed to cause inhi-
bition of the evoked response (Fig.  4.2 ). This result reinforces the above  fi nding that 
taurine interacts with the NMDA receptor.   
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    4.3.3   Glycine-Stimulated ( 3 H)MK-801 Binding Was Affected 
by Taurine 

 Our preliminary data show that 100  m M spermine enhanced glycine-stimulated 
( 3 H) MK-801 binding, and also that taurine had no effect on glycine-stimulated ( 3 H) 
MK-801 binding in the absence of spermine. These results prompted us to examine in 
the present study the displacement of speci fi c ( 3 H) MK-801 binding in the presence of 
100  m M spermine by eight different concentrations of taurine (0.1 nM to 1 mM). 
Taurine dose dependently displaced the spermine-enhanced ( 3 H) MK-801 binding 
with an IC 

50
  of around 20  m M. We are in the process of studying the speci fi c binding 

of ( 3 H) MK-801 to NMDA receptor either in the presence of 100  m M spermine or a 

  Fig. 4.1    Action of taurine on NMDA-receptor-mediated evoked response in rat medial prefrontal 
cortical slices. ( a ) Postsynaptic response of electrically evoked  fi eld potential in drug-free ACSF 
(Control) is superimposed on a response evoked by an identical stimulus ( arrow head ) when the 
slice was superfused with ACSF containing the NMDA-receptor antagonist, MK-801 (10  m M), 
and on a response evoked in the presence of MH-801 and the AMPA-receptor antagonist, CNQX 
(10  m M), indicating that the peak and subsequent parts of the typical population neuronal response 
in layer 4/5 of the mPFC evoked by stimulating at the medial ventral cortical area is predominantly 
mediated by the NMDA receptor. The response level recovered toward the control level after 
30 min washing with ACSF (trace omitted for clarity). ( b ) Evoked  fi eld-potential responses in a 
different slice recorded in drug-free control ACSF and in 2 mM taurine, showing inhibition by 
taurine of the peak and latter parts of the population response evoked by the same stimulus strength 
(at  arrow head ). The inhibitory effect of taurine was completely reversed by a 40 min wash with 
ACSF (Wash). Calibration scale same as in ( a )       
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mixture of spermine and taurine, in each case also with one of eight different concen-
trations of glycine (0.01 nM to 0.1 mM). Preliminary results shows a rightward shift 
of the dose–response curve of glycine-activated ( 3 H) MK-801 binding in this condi-
tion (i.e., enhanced by spermine) when taurine was present, suggesting an allosteric 
inhibition by taurine of the spermine site of the NMDA receptor.   

    4.4   Discussion 

 Taurine has not been thought to directly interact with the glutamate NMDA recep-
tor. In the present study, we have identi fi ed at least two different mechanisms by 
which taurine exerts direct inhibition on the NMDA receptor in rat cerebral cortex. 
These are selective inhibition of the MK-801-sensitive (i.e., NMDA-receptor medi-
ated) parts of the evoked neuronal population response, and partial inhibition of the 
enhancing effect of spermine on glycine-stimulated NMDA receptor activation. In 
addition, our ongoing work also suggests a third mechanism, i.e., diminution of the 
apparent af fi nity of the NMDA receptor for glycine. 

 Taurine is previously found to open a Cl −  channel causing reduced neuronal 
membrane excitability, and that action is not gated by GABA or glycine (Yarbrough 
et al.  1981 ; Molchanova et al.  2007  ) . This Cl −  channel gating taurine binding site is 
blocked by TAG (Frosini et al.  2003a,  b  ) , and appears to play a major role in 
the expression of taurine’s neuronal inhibitory activity. It is possible that taurine 

  Fig. 4.2    The selective NMDA antagonist, APV, blocked the inhibitory action of taurine on layer 
4/5 mPFC-evoked response. Superimposed evoked neuronal population responses of layer 4/5 
mPFC to stimulation of the ventral medial cortical area recorded from the same slice superfused 
 fi rst with drug-free ACSF (Control), and then with 100  m M DL-APV (APV pretreatment), fol-
lowed by 2 mM taurine in the presence of 100  m M DL-APV (APV + Taurine). The traces show an 
absence of any effect of taurine in the presence of APV. The apparent enhancement by APV at the 
initial part of the population response was possibly due to disinhibition of an inhibitory pathway 
involving GABA 

B
  receptors. Trace for wash back toward control level is omitted for clarity       
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inhibits voltage-gated Ca 2+  channels through interacting with the TAG-sensitive 
taurine receptor (see also Yarbrough et al.  1981  ) . In this report, we have identi fi ed 
and demonstrated the actions of a TAG-insensitive taurine receptor that is speci fi cally 
located on the glutamate NMDA receptor and may function to counteract the exci-
totoxicity of glutamate. Because of its being situated on the NMDA receptor, this 
receptor is expected to be more selectively located among regions of the CNS than 
the TAG-sensitive taurine receptor, and may therefore present itself as a more selec-
tive therapeutic target. The relative CNS distribution of these two receptors should 
be determined in future studies. Currently, we have no information on whether the 
TAG-insensitive effects of taurine on the NMDA receptor system represent the 
actions of a single receptor site or multiple receptor subtypes. 

 Interestingly, an earlier electrophysiological study has shown that in a subpopula-
tion of striatal neurons, the synthetic taurine analog, acamprosate, partially inhibits the 
spermine-induced potentiation of NMDA receptor activity (Popp and Lovinger  2000  ) , 
agreeing with the  fi nding from the present binding study. This mode of action would 
allow taurine to suppress or prevent over-excitation of glutamatergic transmission 
without signi fi cantly interfering with the physiological functions of glutamate. This 
feature may also translate into signi fi cant potential therapeutic advantage.  

    4.5   Conclusion 

 The present study provided data to demonstrate the existence of a functional taurine 
receptor that interacts with the glutamate NMDA receptor directly, i.e., indepen-
dently of involvement of Cl −  channel activation. This novel TAG-insensitive taurine 
receptor activates multiple mechanisms to reduce the NMDA-receptor-mediated 
response. The possibility that there are subtypes of this receptor is a subject for 
future studies.      
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  Abstract   Taurine (2-aminoethylsuphonic acid) is present in nearly all animal 
tissues, and is the most abundant free amino acid in muscle, heart, CNS, and retina. 
Although it is known to be a major cytoprotectant and essential for normal retinal 
development, its role in retinal neurotransmission and modulation is not well under-
stood. We investigated the response of taurine in retinal ganglion cells, and its effect 
on synaptic transmission between ganglion cells and their presynaptic neurons. We 
 fi nd that taurine-elicited currents in ganglion cells could be fully blocked by both 
strychnine and SR95531, glycine and GABA 

A
  receptor antagonists, respectively. 

This suggests that taurine-activated receptors might share the antagonists with 
GABA and glycine receptors. The effect of taurine at micromolar concentrations 
can effectively suppress spontaneous vesicle release from the presynaptic neurons, 
but had limited effects on light-evoked synaptic signals in ganglion cells. We also 
describe a metabotropic effect of taurine in the suppression of light-evoked response 
in ganglion cells. Clearly, taurine acts in multiple ways to modulate synaptic signals 
in retinal output neurons, ganglion cells.  
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  Abbreviations  

  OPL    Outer plexiform layer   
  IPL    Inner plexiform layer   
  ONL    Outer nuclear layer   
  INL    Inner nuclear layer   
  GCL    Ganglion cell layer   
  CNS    Central nervous system         

    5.1   Introduction 

 In the retina, taurine is found primarily in glutamatergic neurons, i.e., in photorecep-
tors and bipolar cells in the eyes of gold fi sh, amphibians, murines, and cynomolgus 
monkeys (Marc et al.  1995 ; Kalloniatis et al.  1996 ; Omura and Inagaki  2000 ; 
Militante and Lombardini  2002  ) . However, in early development other retinal cells, 
such as amacrine and ganglion cells, Muller cells, and pigmentary epithelium 
cells, have also been shown to take up taurine (Orr et al.  1976 ; Kennedy and Voaden 
 1976 ; Lake et al.  1978 ; Pow and Crook  1994  ) . There is a strong link between taurine 
de fi ciency and visual dysfunction in retinal development, disorders that can be 
reversed through taurine dietary supplementation (Lombardini  1991  ) . The previous 
study showed that application of taurine to cultured rat retinas promotes rod photore-
ceptor production (Altshuler et al.  1993  ) . However, application of glycine or GABA 
to the culture media did not have the same effect as  taurine to promote photoreceptor 
growth, although the molecular structures of taurine, glycine, and GABA are remark-
ably similar, suggesting that taurine activated different receptors (Rentería et al. 
 2004  ) . Recent studies indicate that the ability of taurine to promote rod photoreceptor 
differentiation could be through the activation of the glycine receptor subtype 
GlyR a 2, although glycine seems unlikely to be the ligand for triggering the events in 
rod photoreceptor development (Young and Cepko  2004  ) . These studies, while dem-
onstrating the importance of taurine in retinal neurodevelopment, pose an unsolved 
question as to whether taurine activates a speci fi c receptor other than the glycine and 
GABA receptors. 

 The molecular structures of taurine, glycine, and GABA are similar and all 
capable of activating ionotropic receptors that are permeable to Cl − . In each case it 
results in an inhibitory neuronal response. Because glycine and GABA are widely 
accepted as major inhibitory neurotransmitters in retinas, less attention has been 
paid to taurine, despite the fact that the endogenous taurine levels in retinas are 
much higher than either GABA or glycine. In fact, both glycine and GABA receptors 
have been cloned and their receptor pharmacology is well de fi ned. Two ionotropic 
(GABA 

A
  and GABA 

C
 ) and one metabotropic (GABA 

B
 ) receptors have been char-

acterized in the retina, with distinctive pharmacology and dose-dependent response 
properties. Moreover, the strychnine-sensitive ionotropic glycine receptor has been 



555 The Modulatory Role of Taurine in Retinal Ganglion Cells

well studied in the CNS, and the use of speci fi c agonists and antagonists of these 
receptors has enabled study of their function and mechanism of action in the retina. 
In contrast, neither the pharmacology nor molecular evidence of a taurine-speci fi c 
receptor has been elucidated. Thus, the role of taurine in neurotransmission and 
modulation is not well understood. 

 At this juncture it is important to consider the structural and functional properties 
of the vertebrate retina, essentially an outgrowth of the CNS that is responsible for 
detecting environmental light and translating the visual scene into a series of elec-
trochemical signals. The structural components and cellular organization of the 
retina are highly conserved among vertebrate species. In general, retinal neurons are 
classi fi ed into  fi ve major types (including subtypes): photoreceptors (rods and 
cones), bipolar cells (On-bipolar cells and Off-bipolar cells), horizontal cells, ama-
crine cells, and ganglion cells. They communicate within two synaptic layers: the 
outer plexiform layer (OPL) and inner plexiform layer (IPL), as shown in the sche-
matic image of Fig.  5.1 . The laminar organization of the retina generates two streams 
of visual information: a vertical pathway from photoreceptors to ganglion cells via 
bipolar cells, and a lateral pathway that comprises local feedback from horizontal 
cells and amacrine cells in the OPL and IPL, respectively. The vertical pathway is 
directly involved in sending signals to the brain, whereas the feedback circuits adjust 
the gains of pre- and postsynaptic neurons to optimize signal transmission within 
the vertical pathway. Receiving the integrated signals from bipolar and amacrine 
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  Fig. 5.1    Retinal structure 
and cellular organization. 
 Highlighted  with  dark  
coloring are the  fi ve major 
cell types: photoreceptors 
( rods  and  cones ), bipolar 
cells (On-BC and Off-BC), 
horizontal cells (HC), 
amacrine cells (AC), and 
ganglion cells (GC). These 
neurons synapse within two 
synaptic layers: the outer 
plexiform layer (OPL) and 
inner plexiform layer (IPL)       

 



56 Z. Jiang et al.

cells are the ganglion cells, output neurons that process the information and relay it 
to their  fi rst station (lateral geniculate nucleus) in the CNS. Because ganglion cells 
are the sole output neurons in the retina, their activity represents a critical stage in 
the visual pathway.  

 The amphibian retina is often used as a model system for studying retinal physi-
ology, since this tissue has been well characterized as to both its neural structure 
and its signal pathway (Fig.  5.1 ). More importantly, the amphibian retina shares 
the same functions and mechanisms of neurotransmissions with higher vertebrate 
animals, but is accessed much more easily for electrophysiological recordings 
owing to the fact that its cells are larger in size and the overall structure of the net-
work is more compact. Our previous study of the amphibian retina has shown that 
taurine is primarily present in photoreceptors and bipolar cells (Bulley and Shen 
 2010  ) , and a similar  fi nding has been reported in a study of the mammalian retina 
(Pow et al.  1994  ) . Photoreceptors and bipolar cells are both glutamatergic neurons, 
and it is likely that glutamate and taurine are released from both cell types to regu-
late the activities of second-order (horizontal and bipolar cells) and third-order 
neurons (amacrine and ganglion cells). Indeed, we found that taurine suppresses 
glutamate-induced [Ca 2+ ] 

i
  changes in amacrine and ganglion cells (Bulley and 

Shen  2010  ) . In this study we examined the regulatory effects of taurine on the 
spontaneous  fi ring of ganglion cells, and on the light-evoked synaptic transmission 
in the neuronal network.  

    5.2   Methods 

 All procedures were performed in accordance with the guidelines of the National 
Institutes of Health Guide for the Care and Use of Laboratory Animals, and approved 
by the University’s Animal Care Committee. 

    5.2.1   Retinal Slice Preparation 

 Larval tiger salamanders ( Ambystoma tigrinum ), purchased from Kons Scienti fi c 
(Germantown, WI) and Charles Sullivan (Nashville, TN), were used in this study. 
The animals were kept in aquaria at 13°C under a 12-h dark–light cycle with con-
tinuous  fi ltration. The retinas were collected from animals kept at least 6 h in the 
darkness. Brie fl y, the animals were decapitated and double-pithed and the eyes were 
enucleated. Retinal slices were prepared in a dark room under a dissecting micro-
scope equipped with powered Night-Vision scopes (BE Meyer Co., Redmond, WA), 
an infrared illuminator (850 nm), an infrared camera, and a video monitor. The ret-
ina was removed from an eyecup in Ringer’s solution and mounted on a piece of 
micro fi lter paper (Millipore, Bedford, MA), with the ganglion cell layer downward. 
The  fi lter paper with retina was vertically cut into 250 nm slices using a tissue slicer 
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(Stoelting Co, IL). A single retinal slice was mounted in a recording chamber and 
superfused with oxygenated Ringer’s solution, consisting of (in mM) NaCl (111), 
KCl (2.5), CaCl 

2
  (1.8), MgCl 

2
  (1.0), HEPES (5.0), and dextrose (10), pH = 7.7. The 

recording chamber was placed on an Olympus BX51WI microscope equipped with 
a CCD camera linked to a monitor.  

    5.2.2   Cell Dissociation 

 Retinas were removed from the eyecups into a Ringer’s solution. The tissue was 
then digested in a freshly prepared enzymatic solution containing 50  m l papain 
(12 U/ml) in 0.5 ml of Ringer’s solution to which was added 5 mM  l -cysteine and 
1 mM EDTA (pH = 7.4), and bathed for 20–35 min at room temperature. The 
papain-treated retinas were washed and mechanically dissociated through a  fl ame 
polished Pasteur pipette into the standard Ringer’s solution. The dissociated cells 
were seeded on 18 mm glass coverslips freshly coated with lectin and allowed to 
set for 20 min before use. The coverslip was then placed in a recording chamber on 
an Olympus BX51WI microscope equipped for electrophysiological recording, 
and viewed with a CCD camera linked to a monitor. After superfusion with Ringer’s 
solution, recordings were made at room temperature and within a few hours after 
cell dissociation.  

    5.2.3   Electrophysiological Recording 

 Whole-cell recordings were performed on amacrine and ganglion cells (third-order 
retinal neurons) in dark-adapted retinal slices or after dissociation. Patch electrodes 
(5–8 M W ) were pulled with an MF-97 microelectrode puller (Sutter Instrument Co.), 
and  fi lled with a high K +  solution containing (in mM) K-gluconate (100), MgCl 

2
 , (1), 

EGTA (5) and HEPES (5), and an ATP-regenerating cocktail consisting of (in mM) 
ATP (20), phosphocreatine (40), and creatine phosphokinase (2); (pH = 7.4). An EPC-
10 ampli fi er and HEKA Pulse software (HEKA Co., Germany) were used for data 
acquisition, and analysis was performed with Igor Pro software (WaveMetrics). 

 A gravity-driven perfusion system was used to superfuse all external solutions in 
the retinal slice preparation. The perfusion tube was placed 3 mm away from the 
retinal slice and was manually controlled for delivering drugs during the experi-
ments. All recordings were performed under 850 nm infrared illumination to avoid 
exposure to visible light. A red LED light source (660 nm peak emission) was 
focused directly upon the retinal slice, and the brief (3 s) light stimuli were con-
trolled by the output of the HEKA ampli fi er. 

 The isolated cells were constantly superfused with Ringer’s solution or drug 
solutions via a DAD-VM automated superfusion system (ALA Scienti fi c Instruments, 
Farmingdale, NY). All the chemicals were purchased from Tocris Bioscience 
(Minneapolis, MN) and Sigma-Aldrich Co. (St. Louis, MO).  
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    5.2.4   Cell Selection 

 The third-order neurons in retinal slices were identi fi ed by their localization and 
their light-evoked response patterns. On the other hand, isolated cells often were not 
so readily identi fi ed. During the isolation process, many cells lost their typical mor-
phological features, although dissociated ganglion cells could frequently be 
identi fi ed by the long axonal processes that extended from their cell somas. However, 
amacrine and bipolar cells often were not distinguishable, and it was necessary to 
rely on physiological criteria, i.e., their distinctive transient Na +  currents in whole-
cell recording. Unlike bipolar and horizontal cells, which show extremely large 
inward recti fi er currents, ganglion cells typically generate large Na +  currents 
(exceeding 500 pA), and display very small inward recti fi er currents at negative 
voltages, whereas amacrine cells have relatively small transient Na +  currents as well 
as small inward recti fi er currents. Because there are many different types of ama-
crine cells in salamander retina, these criteria are less than ideal, but did not 
signi fi cantly in fl uence the results.   

    5.3   Results 

    5.3.1   Pharmacology of the Ionotropic Taurine Response 
in Ganglion Cells 

 We noted earlier that taurine activates ionotropic receptors permeable to Cl − . In that 
case, the reversal potential for taurine-generated currents would be expected to be 
near the Cl −  equilibrium potential (E 

Cl
 ). We used a low Cl −  and high K +  intracellular 

solution to measure the E 
Cl

  in ganglion cells with whole-cell voltage-clamp record-
ing. Figure  5.2  shows the current responses to a puff of 350  m M taurine when a 
ganglion cell (in a retinal slice) was voltage-clamped at various potentials (−80, −70, 
−65, and −60 mV) near the E 

Cl
 . Taurine generated inward and outward currents that 

reversed at or near −70 mV, indicating that taurine activated Cl − -permeable recep-
tors in ganglion cells with a reversal potential at the E 

Cl
 .  

 To determine the sensitivity of retinal ganglion cells to taurine we determined 
their dose–response function. Taurine was applied at various concentrations 
(10  m M, 100  m M, 500  m M, 1 mM, 2 mM, and 5 mM) to ganglion cells in the retinal 
slice preparation, and taurine-elicited currents were recorded at −60 mV (Fig.  5.2b ). 
The taurine dose–response curve shows that on average the maximum current 
response was generated by 2 mM taurine, and the EC 

50
  (concentration producing a 

half maximal response) was around 350  m M ( n  = 7). Note that 10  m M taurine did 
not produce a measurable current in ganglion cells ( n  = 21, Fig.  5.2b , lower panel). 
Similar dose-dependent responses could be obtained from isolated ganglion cells 
(unpublished data). 
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 Several studies of neurons in the CNS have reported that taurine acts like a weak 
agonist on GABA and glycine receptors based on the observation that antagonists 
for GABA and glycine receptors can block the taurine response. It is unknown 
whether the ganglion cell response to taurine is also sensitive to GABA and glycine 
receptor antagonists. To test this we applied 350  m M taurine (the EC 

50
  concentra-

tion) to isolated ganglion cells in which retinal network inputs were eliminated. 
Ganglion cells were voltage-clamped at a potential negative to the E 

Cl
  and the inward 

current was elicited in response to the taurine (Fig.  5.3a, b ). The taurine current was 
fully blocked by 2  m M strychnine, a glycine receptor-speci fi c antagonist (Fig.  5.3a ). 
Taurine-elicited currents were also sensitive to the GABA 

A
  receptor-speci fi c inhibi-

tor, 10  m M SR95531 (Fig.  5.3b ). These results suggest that taurine-activated recep-
tors might share the same receptor antagonists as those of GABA 

A
  and glycine 

receptors. It seems less likely that taurine is activating both GABA and glycine 
receptors, since the effect of taurine could be separately blocked by either the 
GABA 

A
  antagonist or the glycine receptor antagonist.   
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  Fig. 5.2    Whole-cell recording of the taurine current reversal potential and the taurine dose 
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    5.3.2   The Effects of Micromolar Taurine on Spontaneous 
and Light-Evoked Responses in Ganglion Cells 

 Ganglion cells receive glutamate inputs from bipolar cells, and GABA and glycine 
inputs from amacrine cells. In the dark, spontaneous vesicular release of glutamate, 
GABA, and glycine from the presynaptic neurons produces spontaneous excitatory 
postsynaptic currents (sEPSCs) and inhibitory postsynaptic currents (sIPSCs) in 
ganglion cells. To determine whether taurine affects these local vesicle release 
events, we recorded sEPSCs and sIPSCs from ganglion cells in dark-adapted retinal 
slices. To minimize the direct ionotropic effect of taurine caused membrane conduc-
tance changes in ganglion cells, we used a suf fi ciently low concentration of taurine 
(10  m M) that did not signi fi cantly change the membrane conductance in ganglion 
cells as shown in the dose–response curve in Fig.  5.2b . 

 sEPSCs in ganglion cells were recorded at −70 mV where GABAergic and glycin-
ergic currents were close to zero. Figure  5.4a  shows an example of sEPSCs that were 
continuously recorded from ganglion cells in dark-adapted retinal slices,  fi rst in con-
trol, then in the presence of taurine, and lastly after washout of taurine. In darkness, 
there is a high-frequency discharge with a combination of large and small amplitudes 
sEPSCs, which re fl ect the rate of vesicle release events from bipolar cell terminals. 
Application of taurine largely reduced the frequency and amplitude of the sEPSCs, 
effects that were totally eliminated within a minute after withdrawal of taurine.  

 The effect of taurine on the amplitude and frequency of sEPSCs in ganglion cells 
was analyzed with the Minianalysis Program (Synaptosoftware). Figure  5.4b  shows 
quantitative analysis of sEPSCs frequency and amplitude changes in control, with 
taurine and after taurine washout, sampled from the recordings in Fig.  5.4a . 
The histograms indicate that taurine effectively eliminated the sEPSCs with 
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 amplitudes greater than 100 pA and frequencies less than 30 events/min, but it had 
limited effect on the high-frequency sEPSCs with amplitudes less than 40 pA. Also, 
taurine largely reduced the frequencies of sEPSCs that had amplitudes ranging from 
40 to 100 pA. The analysis showed that the average frequencies of the sEPSCs were 
7.63 Hz in control, 3.35 Hz with taurine, and 9.51 Hz after washout. The large 
reduction in the frequencies of sEPSCs implies that taurine suppressed the 
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  Fig. 5.4    The effect of taurine on spontaneous excitatory postsynaptic currents (mEPSCs) in ganglion 
cells in dark-adapted retinal slices. mEPSCs were recorded from a ganglion cell at −70 mV. 
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( c ) histogram of the decay time constants of the spontaneous synaptic events with and without taurine       
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 presynaptic release events. The effect of taurine on sEPSC amplitude was further 
analyzed from measurements of the decay time constants of a series of single events, 
since the decay time constants of sEPSCs may represent the properties of glutamate 
receptors on postsynaptic neurons, ganglion cells. Figure  5.4c  shows the quantita-
tive analyses of the decay time constants of individual sEPSCs in the control, in the 
presence of taurine, and after taurine withdrawal. The decay phases of each sEPSCs 
with an amplitude greater than 20 pA were  fi tted with a double-exponential curve, 
and the decay time constants were obtained by calculating the time to decay to 37% 
of the peak amplitudes. The histogram bars show that the distribution patterns of 
decay time constant of sEPSCs with and without taurine. The average decay time 
constant for sEPSCs was around 17 ms in control, and was not affected by taurine, 
although the number of the events/min (frequency) was reduced by taurine. This 
suggests that taurine may affect the spontaneous presynaptic release of glutamate in 
the bipolar cells; but had a much lesser effect on the decay time constants of gluta-
mate receptors on the ganglion cells. Taken together, taurine at this low concentra-
tion reduced the frequencies of large sEPSCs in ganglion cells; we speculate that 
this effect might result from the suppression of presynaptic sites on bipolar cell 
terminals. Note that the frequencies of the large sEPSCs were increased in ganglion 
cells after taurine was withdrawn. This was commonly observed in ganglion cells, 
and could be due to an accumulation of synaptic vesicles in the release pools of 
bipolar cell terminals during taurine application, and their discharge once the sup-
pressive effect of taurine was removed. 

 Taurine also strongly suppressed sIPSCs in ganglion cells. Figure  5.5  shows 
sIPSCs recorded from the same ganglion cell as in Fig.  5.4 , but with the cell 
voltage-clamped at 0 mV (the reversal potential for glutamate currents). At this 
voltage, sIPSCs in ganglion cells produced by GABA and glycine synaptic inputs 
were outward currents in the dark-adapted retina. The sIPSCs were almost abolished 
when taurine was applied, and they fully recovered within a minute after return to 
the control Ringer’s solution. In general, the effect of taurine (10  m M) was stronger 
on suppression of sIPSCs than sEPSCs in ganglion cells. We postulated that the 
strong suppression of sIPSCs by taurine could be due to the effects of both pre- and 
postsynaptic regulation by limitation of the presynaptic spontaneous releases of 
GABA and glycine, as well as down-regulation of GABA and glycine receptor 
activity in the postsynaptic ganglion cells.  

 Ganglion cells receive light-evoked signals from bipolar cells and amacrine cells 
in the network. Photic stimulation generates excitatory and inhibitory neurotrans-
mitter release from bipolar and amacrine cells, which can be recorded from gan-
glion cells in retinal slice preparation. Figure  5.6a  shows typical light-evoked 
excitatory currents in ganglion cells in 3 s duration (dark trace). These large EPSCs, 
elicited at the onset and offset of the light stimulus, are the result of glutamatergic 
inputs from presynaptic On- and Off-bipolar cells. Taurine (10  m M) had little effect 
on the amplitude of these light-evoked currents. However, the miniature events rid-
ing on the light-evoked currents and after light offset were signi fi cantly reduced by 
taurine (Fig.  5.6a , light trace). On average, taurine suppressed the peak currents 
evoked by the onset and offset of the light stimulus by 7.8 ± 3% and 8.2 ± 4% ( n  = 18), 
respectively (Fig.  5.6b ).  
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 The effect of taurine on light-evoked IPSCs in ganglion cells is shown in 
Fig.  5.6c , recorded from the same cell as in Fig.  5.6a . With the cell voltage-clamped 
at 0 mV, taurine produced a small suppression of light-evoked IPSCs, but 
signi fi cantly reduced the fast frequency spontaneous events. Statistical analysis 
showed that taurine reduced the light-evoked IPSCs at the onset by 8 ± 2% and 
offset by 7.4 ± 4%, ( n  = 14, Fig.  5.6d ). It is apparent that taurine reduced the con-
comitant miniature events on both the light-evoked excitatory and inhibitory 
responses in ganglion cells. 

  Fig. 5.5    Taurine suppresses spontaneous inhibitory postsynaptic currents (sIPSCs) in ganglion cells. 
sIPSCs were recorded from a ganglion cell held at 0 mV in a dark-adapted retinal slice. The  arrows  
indicate the time points for application and withdrawal of 10  m M taurine during the recording       
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 In summary, taurine (10  m M) had a limited effect on light-evoked large synaptic 
signals, but suppressed miniature responses in ganglion cells. It appears that taurine 
in the IPL may play a role in  fi ltering out the synaptic noise spontaneous miniatures 
in ganglion cells.  

    5.3.3   Taurine Suppresses Light-Evoked Responses in Ganglion 
Cells via a Metabotropic Pathway 

 To further study the effect of taurine on light-evoked responses in ganglion cells, 
we used a higher concentration of taurine (100  m M) with picrotoxin (100  m M) and 
strychnine (5  m M) to block taurine-sensitive, as well as GABA- and glycine-sensitive 
Cl − -permeable receptors in ganglion cells. Meanwhile, picrotoxin and strychnine 
would increase excitatory synaptic inputs in ganglion cells due to blocking the 
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  Fig. 5.6    The effects of taurine on light-evoked excitatory and inhibitory responses in ganglion 
cells. ( a ) Transit currents were evoked by the light onset and termination (offset) in a ganglion cell 
clamped at −70 mV. Taurine (10  m M) slightly reduced the amplitudes of the light-evoked EPSCs, 
and more effectively suppressed miniature currents. ( b ) Statistical analysis of the effect of taurine 
on the light-evoked current amplitudes from the 18 ganglion cells recorded. ( c ) The effect of tau-
rine on light-evoked IPSCs recorded at 0 mV and the ( d ) statistics of the current amplitudes in 
control and with taurine       
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inhibitions in the network. In the presence of picrotoxin and strychnine, light-
evoked EPSCs were recorded from ganglion cells in dark-adapted retinal slices 
with the same protocol as used in Fig.  5.6 . The addition of taurine (100  m M) 
reduced the amplitude of the light-evoked onset and offset EPSCs (Fig.  5.7a ). The 
effect was present in all ganglion cells tested ( n  = 6). To quantitatively analyze the 
effect of taurine on light-evoked onset and offset EPSCs in the six ganglion cells, 
we measured the amplitudes of the currents from the ganglion cells in the control 
(with picrotoxin and strychnine) and presence of taurine. On average, with picro-
toxin and strychnine, taurine suppressed 48.7 ± 6% of the onset currents and 
41.3 ± 4% of the offset currents in the ganglion cells, shown in the histogram 
(Fig.  5.7b ). Since taurine-sensitive Cl − - permeable receptors were blocked by the 
antagonists, the taurine regulation of light-evoked EPSCs in ganglion cells should 
be via a metabotropic pathway. We speculated that the effect of taurine might be 
due to suppression of presynaptic glutamate release from bipolar cell terminals, 
since metabotropic regulation of Ca 2+ -dependent glutamate release is a common 
mechanism present in neural systems.    

    5.4   Discussion 

    5.4.1   Taurine-Sensitive Receptors 

 Although taurine has often been considered a neurotransmitter or neuromodulator 
in the CNS, the site of taurine’s action is unclear, since a taurine-speci fi c receptor 
has yet to be identi fi ed. One of the dif fi culties is the lack of a speci fi c antagonist to 
differentiate the action of taurine from either glycine or GABA. A major question 
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  Fig. 5.7    Taurine suppresses light-evoked response in ganglion cells via a metabotropic mechanism. 
With picrotoxin (100  m M) and strychnine (5  m M) to block Cl − -permeable receptors, taurine 
(100  m M) effectively reduced light-evoked EPSCs in a ganglion cell ( a ); also shown are the statistics 
of the effect of taurine on suppression of light-evoked currents in ganglion cells ( b )       
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yet to be resolved is whether taurine acts on GABA or glycine receptors, or whether 
it activates a speci fi c receptor that is also sensitive to the antagonists of GABA and 
glycine receptors. The evidence from this study is hardly conclusive, but it suggests 
that taurine-sensitive receptors might share the same receptor antagonists with 
GABA and glycine receptors. 

 Since glycine receptors and GABA 
A
  receptors have been considered as the major 

Cl − -permeable receptors coexisting in amphibian ganglion cells (Lukasiewicz and 
Werblin  1990  ) , less has been known about taurine-sensitive receptors in the retinal 
neurons. Strychnine and SR95531 are widely used as the speci fi c antagonists to 
block glycine and GABA 

A
  receptors, respectively. The concentrations of strychnine 

(2  m M) and SR95531 (10  m M) used in our study were in the range that has been 
shown to speci fi cally block each receptor and it should have minimum or no antago-
nist cross talk to the other receptor. We showed that taurine currents could be com-
pletely blocked by either strychnine or SR95531 in isolated ganglion cells 
(see Fig.  5.3 ), implying that both antagonists might block the same site that was 
sensitive to taurine. The previous studies of taurine in photoreceptors show that tau-
rine-mediated responses cannot be mimicked by GABA and glycine (Rentería et al. 
 2004 ; Young and Cepko  2004  ) . Our results are consistent with the results of previ-
ous studies showing that taurine did not activate the same sites as either GABA or 
glycine. Although pharmacological studies demonstrate a discrepancy between tau-
rine’s action on GABA and glycine receptors in retinal neurons, the answer as to 
whether taurine activates a speci fi c receptor type still awaits molecular evidence. 

 Much of what is known about taurine leads to the conclusion that taurine acti-
vates Cl − -permeable receptors. With picrotoxin and strychnine to block ionotropic 
taurine responses, the metabotropic effect of taurine was revealed. This is the  fi rst 
time that a metabotropic effect of taurine has been implicated in regulation of a 
light-evoked response in ganglion cells, although metabotropic effects of taurine 
have been reported in brain neurons, where it has been suggested that the effects 
might be via a GABA 

B
  receptor (Kontro and Oja  1990 ; Smith and Li  1991  ) . 

Nevertheless, the actual site of taurine binding and the intracellular metabotropic 
pathways for the taurine effect still need to be elucidated.  

    5.4.2   Taurine Modulates Signal Transmission in Ganglion Cells 

 Taurine is found in the outer nuclear layer (ONL), mainly in photoreceptors (rods 
and cones) and Off-bipolar cells in the amphibian retina (Bulley and Shen  2010  ) . 
Seemingly, Off-bipolar cells release glutamate in the IPL, and probably taurine as 
well. This study shows that taurine in the IPL performs multiple roles in the regula-
tion of spontaneous and light-evoked synaptic transmissions in ganglion cells, 
which integrate these signals, and convert them into a train of spikes that carry both 
information and some unwanted noise to the CNS. In low micromolar concentra-
tions, taurine preferentially suppressed spontaneous excitatory and inhibitory 
 synaptic events (noise), but not the light-evoked synaptic signals in ganglion cells. 
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Since taurine effectively reduced the frequencies of sEPSCs, the suppressive effects 
of taurine seem to be acting on presynaptic spontaneous vesicle release sites on 
bipolar cells. These results suggest that endogenous taurine released from bipolar 
cells may feedback to regulate spontaneous release from bipolar cells. The fact that 
the suppressive effect of taurine was seemingly much stronger on sIPSCs suggests 
that, in addition of reducing spontaneous vesicle releases from amacrine cells, tau-
rine might also interact with GABA and glycine receptors and suppress these 
receptors on ganglion cells. Unquestionably, the effect of taurine on GABA and 
glycine receptors needs to be studied further.   

    5.5   Conclusion 

 We  fi nd that taurine activates Cl − -permeable receptors that may also be sensitive to 
strychnine and SR95331, speci fi c antagonists for glycine and GABA 

A
  receptors, 

respectively. Taurine applied in low micromolar concentrations reduced spontane-
ous vesicle release (noise), but not light-evoked signals (information) in ganglion 
cells, thereby acting as a negative control to enhance the signal/noise ratio of signal 
transmission. The light-evoked responses of ganglion cells were suppressed by 
taurine via a metabotropic pathway that has yet to be identi fi ed. Thus, taurine 
serves as a neuromodulator that regulates synaptic transmission at multiple sites in 
the inner retina.      
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  Abstract   Retinal ganglion cells (RGCs) are spiking neurons, which send visual 
information to the brain, through the optic nerve. RGC degeneration occurs in reti-
nal diseases, either as a primary process or secondary to photoreceptor loss. 
Mechanisms involved in this neuronal degeneration are still unclear and no drugs 
directly targeting RGC neuroprotection are yet available. Here, we show that taurine 
is one factor involved in preserving the RGC survival. Indeed, a taurine depletion 
induced by the antiepileptic drug, vigabatrin, was incriminated in its retinal toxicity 
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leading to the RGC loss. Similarly, we showed that RGC degeneration can be 
induced by pharmacologically blocking the taurine-transporter with the chronic 
administration of a selective inhibitor, which results in a decrease in the taurine 
levels both in the plasma and in the retinal tissue. Finally, we found that taurine can 
directly prevent RGC degeneration, occurring either in serum-deprived pure RGC 
cultures or in animal models presenting an RGC loss (glaucomatous rats and the 
P23H rats, a model for  retinitis pigmentosa ). These data suggest that the retinal 
taurine level is a crucial marker to prevent RGC damage in major retinal diseases.  

  Abbreviations  

  RGC(s)    Retinal ganglion cell(s)   
  GES    Guanidinoethane sulfonate   
  IOP    Intraocular pressure   
  VGB    Vigabatrin   
  Tau-T    Taurine-transporter   
  DAPI    4 ¢ ,6-Diamidino-2-phenylindole   
  DIV    Days in vitro         

    6.1   Introduction 

 Taurine is a free amino-sulfonic acid which is present in large amounts in the central 
nervous system (Brosnan and Brosnan  2006  ) , and the most abundant in the retina 
where it represents nearly half of the free amino acid content (Macaione et al.  1974  )  
reaching up to 50  m mol/g of wet weight retina   (Voaden et al.  1977  ) . Taurine is 
mainly provided by nutrient intake, although endogenous synthesis occurred in 
most of species, excepted in cats (MacDonald et al.  1984  ) . Indeed, a taurine-free 
diet was found to trigger photoreceptor degeneration in cats (Hayes et al.  1975  ) . The 
effect of the taurine depletion on photoreceptor survival was subsequently con fi rmed 
in monkeys (Imaki et al.  1987  ) . The mechanism of this taurine dependence still 
remains enigmatic, although the requirement for the taurine-transporter (Tau-T) in 
photoreceptor survival was evidenced by administering an inhibitor or competitive 
substrate of Tau-T in rats (Pasantes-Morales et al.  1983  )  or knocking out Tau-T in 
mice (Rascher et al.  2004  ) . More recently, we reported that the photoreceptor toxic-
ity of the antiepileptic drug, vigabatrin, is caused by taurine depletion in rats, mice 
and possibly human patients (Jammoul et al.  2009  ) . Since these early discoveries 
involving taurine in photoreceptor survival, taurine was also reported to prevent 
neuronal excitotoxicity by reducing the glutamate-induced increase in intracellular 
calcium and endoplasmic reticulum stress (El Idrissi  2008 ; Wu and Prentice  2010  ) , 
suggesting an intracellular action of taurine. 



716 Taurine Is a Crucial Factor to Preserve Retinal Ganglion Cell Survival

 Here, we focused on the taurine effect exerted on retinal ganglion cell (RGC) 
survival. RGC are spiking neurons which send visual information to the brain 
(Roska and Werblin  2001  ) . Degeneration of these neurons occurs in different retinal 
disease, either as primary process like in glaucoma (Quigley  1999  )  or as secondary 
to the photoreceptor loss, like in  retinitis pigmentosa  (Humayun et al.  1999  ) . 
Because the RGC loss leads to blindness, prevention of RGC degeneration is a 
major challenge to be addressed. Different mechanisms involved in this neuronal 
degeneration have been reported (Tezel  2006  ) , but no drugs directly targeting RGC 
neuroprotection are yet available. 

 As RGC degeneration appears as a primary process in the retinal toxicity of the 
antiepileptic drug, vigabatrin, we assessed if this RGC degeneration is caused by the 
taurine depletion we had previously correlated to the retinal toxicity of this drug 
(Jammoul et al.  2009  ) . To investigate further the molecular mechanisms of this RGC 
degeneration, we then examined the consequence of a chronic pharmacological 
Tau-T blockade on RGC survival. Finally, we assessed if taurine can exert a direct 
action on RGC survival using serum-deprived pure RCG cultures. Then, the role of 
taurine was evaluated in different animal models of retinal pathologies with primary 
RGC degeneration, as in glaucoma (Shareef et al.  1995  )  or secondary RGC degen-
eration as in  retinitis pigmentosa  (Kolomiets et al.  2006 ; Garcia-Ayuso et al.  2010  ) . 
We here described these studies, which support the administration of taurine for the 
prevention of RGC degeneration in retinal diseases.  

    6.2   Methods 

    6.2.1   Long-Term Treatment with Vigabatrin and the Selective 
Blocker of Taurine-Transporter (GES) 

 Vigabatrin treatment was administrated to rats by daily intraperitoneal injection 
(50 mg/Kg) for 25 days (Jammoul et al.  2010  ) . Taurine (420 mg/Kg) was 
co-administrated by daily intraperitoneal injections at the same time as vigabatrin 
during the same period. Chronic treatment with guanidinoethane sulfonate (GES), a 
selective blocker of Tau-T, was performed on mice during 2 months. GES was adminis-
trated through the drinking water at the concentration of 1% (Gaucher et al.  2012  ) .  

    6.2.2   Taurine Supplementation in Animal Models 
of RGC Degeneration 

 Animal models of RGC degeneration consist in (1) episcleral vein occlusion in rats 
(Shareef et al.  1995  )  considered as a model of glaucoma with increase in intraocular 
pressure (IOP) and (2) P23H line of rats, a model  of retinitis pigmentosa  in which 
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RGC degeneration occurred secondary to photoreceptor loss (Kolomiets et al. 
 2010  ) . Animals were treated with taurine  per   os  (through their drinking water) dur-
ing 3 months (for rats) (Froger et al.  2012  ) .  

    6.2.3   Taurine Plasmatic Level 

 Blood samples were collected in hemolysis tubes containing heparin (14 IU/ml) and 
centrifuged (2,200 ×  g , 15 min). Plasmatic taurine measurements were performed on 
each animal by Serba laboratories (Cergy-Pontoise, France) using HPLC technique 
(Jammoul et al.  2009  ) .  

    6.2.4   Evaluation of RGC Density on Retinal Sections 

 At the end of long-term treatments (vigabatrin, GES or taurine; see below), 
immunostaining with POU4F1, a speci fi c marker for RGCs, was performed on reti-
nal cryosections. RGCs were counted on retinal sections, after  fl uorescent image 
acquisition, and their densities were evaluated by reporting the number of cells per 
length of sections (Froger et al.  2012  ) .  

    6.2.5   Primary Cultures of Puri fi ed RGCs from Adult Rats 

 RGCs were puri fi ed by immunopanning, following the protocol previously described 
(Barres et al.  1988  ) . Using immunostaining experiments with NF200 and  b -III tubu-
lin markers (vs. DAPI counterstaining), RGC purity was estimated at 98% and 92%, 
respectively. RGCs were cultured in a low nutritive medium composed by 
Neurobasal-A plus glutamine (without serum).    After 6 days in vitro (DIV), alive 
RGCs, labelled with CalceinAM, were counted from seven  fi elds taken on cover-
slips to evaluate the RGC survival (Froger et al.  2012  ) .  

    6.2.6   Statistical Analysis 

 All data are expressed as means ± SEM. A two-tailed unpaired Student’s  t -test was 
used to compare means of two groups. For more than two groups compared, a one-
way ANOVA was used for variance analysis, followed in case of signi fi cance by 
either a Bonferroni post-hoc test (Gaussian distribution) or a Dunn’s post hoc test 
(no Gaussian distribution) to compare the means of each group. Differences were 
considered signi fi cant at * p  < 0.05, ** p  < 0.01 and *** p  < 0.001.   
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    6.3   Results 

    6.3.1   Long-Term Administration of Vigabatrin-Induced 
Degeneration in Retinal Ganglion Cells 

 Chronic treatment with vigabatrin (50 mg/Kg/day) in rats induced a retinal toxicity 
that results in a reduction of RGC density, evaluated by the counting of POU4F1-
positive cells in ganglion cell layer along retinal cryosections (Fig.  6.1a, b, e ). This 

  Fig. 6.1    The vigabatrin-induced RGC degeneration is prevented by taurine supplementation. ( a – c ) 
Representative retinal cryosections showing POU4F1-positive RGC immunolabelling (POU4F1; 
 red ) and retinal cell nuclei staining (DAPI) in untreated rats (control,  a ), in vigabatrin-treated rats 
(VGB,  b ) or in vigabatrin plus taurine-treated rats (VBB + taurine,  c ). The scale bar represents 
50  m m.  INL  inner nuclear layer,  IPL  inner plexiform layer. ( d ) Taurine plasma levels measured in 
untreated rats (control), in rats treated with vigabatrin (VGB) or in rats treated with vigabatrin plus 
taurine (VBG + taurine). ( e ) Quanti fi cation of POU4F1-positive RGCs on retinal cryosections from 
untreated rats (control), in rats treated with vigabatrin (VGB) or in rats treated with vigabatrin plus 
taurine (VBG + taurine) * p  < 0.05 and ** p  < 0.01 as compared to indicated groups (one-way ANOVA 
followed by a Bonferroni post hoc test to compare means) (Adapted from Gaucher et al.  2010  )        
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vigabatrin-induced retinal toxicity is associated with drastic taurine depletion in 
plasma (Fig.  6.1d ). Interestingly, this taurine depletion is directly relied to vigaba-
trin toxicity on RGCs. Indeed, taurine supplementation, which leads to recovery in 
taurine plasma levels (Fig.  6.1d ) in vigabatrin-treated rats, can prevent the RGC loss 
induced by vigabatrin (Fig.  6.1c, e ). This result indicates that taurine de fi ciency 
could be responsible for RGC degeneration and thus that this amino acid could be a 
key factor for the maintenance of RGC survival.   

    6.3.2   Long-Term Treatment with a Taurine-Transporter Selective 
Blocker Leads to RGC Loss in Mice 

 The major part of taurine is obtained by nutrition. Taurine assimilation from diet is 
highly dependent upon the Tau-T. Accordingly, long-term treatment in mice with 
GES, a selective blockade of Tau-T, induced a strong signi fi cant depletion of taurine 
plasmatic level (Fig.  6.2a ) from 4-week treatment, and was maintained after 8-week 
treatment. In addition, taurine amounts were measured in retinal tissue (whole ret-
ina) showing from 4-week GES treatment a signi fi cant decrease in retinal taurine 
concentration (Fig.  6.2b ). The consequences on RGC survival of the taurine deple-
tion, observed in both plasma and retinal tissue after GES treatment, were evaluated 
by measuring the RGC density. We found that POU4F1-positive RGC number 
measured along retinal sections was signi fi cantly reduced (−19.3%) in mice sub-
jected to 8-week GES treatment, as compared to untreated mice (Fig. c–e). These 
results further demonstrated that taurine depletion can cause RGC damage. They 
also strengthen the crucial role of Tau-T activity in the stability of taurine levels, 
both in plasma and in tissues, like retina.   

    6.3.3   Taurine Directly Prevents RGC Degeneration In Vitro 

 In studies presented above, RGC degeneration was occurring in  parallel to photore-
ceptor degeneration. Therefore, it remained unclear whether the prevention of the 
RGC degeneration by taurine was indirect. Indeed, it could be consecutive to an 
effect on photoreceptor or on any other cell types such as glial cells. Therefore, to 
determine if taurine can affect directly RGC survival, we used puri fi ed RGCs from 
adult rats, cultured under serum-deprivation condition, to mimic ischemic condi-
tions. After 6 days in vitro (DIV), a low density of viable RGCs, revealed by 
CalceinAM dye, was observed in control untreated conditions (Fig.  6.3a ). A positive 
control was obtained by adding serum (B27 supplement) that increased RGC sur-
vival by 190% (Fig.  6.3c ). Interestingly, direct application of 1 mM of taurine into 
the culture medium for the whole period of culture (6 DIV) signi fi cantly increased by 
68% ( p  < 0.001) the RGC survival, as compared to RGCs cultured in taurine-free 
medium (Fig.  6.3b, c ). Since taurine action requires Na + -dependent selective uptake 
to exert its cellular activities, we investigated whether RGCs express the Tau-T. 
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In freshly puri fi ed adult RGCs, the Tau-T was detected at the mRNA level. At the 
protein level, Tau-T was revealed by immunostaining in the cultured RGCs and we 
found that all  b III-tubulin-positive RGCs (Fig.  6.3d ) also expressed Tau-T protein 
( n  = 3 independent cultures; Fig.  6.3e, f ). This data indicates that RGCs could generate 
taurine uptake  in vitro . To assess if taurine uptake could account for the increase in 
RGC survival, taurine was co-incubated for 6 DIV with a blocker of the Tau-T in 
RGC cultures. Thus, addition of GES (1 mM) with taurine (1 mM) signi fi cantly 
suppressed the protective effect exerted by taurine on pure RGC cultures ( p  < 0.05, 
Fig.  6.3g ). In this condition, the difference in RGC survival was no longer statisti-
cally signi fi cant from the control condition (+19%,  p  > 0.05). Similarly, application 
of GES alone (1 mM) did not signi fi cantly modify RGC survival as compared to 
control conditions ( p  > 0.05, Fig.  6.2e ). These results indicated that the protective 
effect of taurine on RGCs is critically dependent on the Tau-T activity.   
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  Fig. 6.2    Long-term treatment with GES induced a taurine depletion responsible for RGC damage. 
( a ) Taurine plasmatic levels after 4-week and 8-week treatment with GES, administrated in the 
drinking water ( grey bars ), as compared to control mice drinking GES-free water ( white bars ). 
( b ) Taurine levels in mouse retinal tissues after 4-week GES treatment ( grey bar ) as compared to 
control mice drinking free-GES water ( white bar ). ( c ,  d ) Representative images showing POU4F1-
immunopositive RGCs ( red ) on mice retinal sections after 8-week GES treatment ( c ), as compared 
to control mice drinking GES-free water ( d ). Counterstaining with DAPI ( blue ) is provided to 
reveal retinal nuclear layers. ( e ) Quanti fi cation of densities of POU4F1-positive RGC in mice 
treated with GES ( grey bar ) as compared to untreated mice ( white bar ).  ONL  outer nuclear layer, 
 OPL  outer plexiform layer,  INL  inner nuclear layer,  IPL  inner plexiform layer,  RGCL  retinal gan-
glion cell layer. Scale bars represent 25  m m (Adapted from Gaucher et al.  2012  )        
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    6.3.4   Taurine Prevents RGC Degeneration in an Animal Model 
of Glaucoma 

 To investigate the potential role of taurine in retinal diseases with RGC degeneration, 
taurine supplementation was provided to glaucomatous rats. Their glaucoma was 
induced by episcleral vein cauterization leading to vein occlusion and a long-term and 
stable increase in intraocular pressure (IOP) (Mittag et al.  2000  ) . The IOP increase is 
indeed the main risk factor in glaucoma and all available drugs are currently targeting 
this IOP increase rather than the RGC degeneration. The consequence of chronic 
elevated IOP in the cauterized eyes on RGC survival was evaluated by counting the 
RGC density after POU4F1 immunostaining on retinal sections. The IOP increase 
that occurred in operated eyes induced a signi fi cant 15% RGC loss when compared to 
unoperated eyes ( p  < 0.05; Fig.  6.4a, b, d ). Interestingly, taurine supplementation 

  Fig. 6.3    Taurine stimulates the survival of pure adult RGCs in culture, involving the taurine-transporter 
(Tau-T) activity. ( a ,  b ) Representative images showing calcein-positive viable RGCs, cultured for 
6 days in vitro (DIV) under serum-deprivation, in control untreated condition (Cont;  a ) or following 
1 mM taurine application (Taur;  b ). ( c ) Quanti fi cation of RGC densities after 6 DIV, either in the 
control condition (Cont), or with 1 mM taurine application (Taur), or with the B27 supplement, 
providing a positive control condition (serum). In each experiment, the respective RGC densities 
were expressed as a percentage of the control condition at 6 DIV. Data are means ± SEM from 21 
independent experiments. ( d – f ) Representative confocal images of Tau-T immunolabelling ( green ,  f ) 
in  b III-tubulin-positive RGCs ( red ,  d ) showing that Tau-T is localized with  b III-tubulin ( Merge ,  f ) 
after 6 days in culture. ( g ) Quanti fi cation of RGC densities after 6 DIV either in control conditions 
(Cont,  n  = 11), in the presence of 1 mM taurine (Taur,  n  = 10), in the presence of 1 mM GES (GES, 
 n  = 9;  oblique hatched bar ) or in the presence of both taurine and GES (Taur + GES,  n  = 11). Data are 
means ± SEM from independent experiments. *** p  < 0.001, ** p  < 0.01 and * p  < 0.05 as compared to 
indicated groups, one-way ANOVA followed by a Dunn’s post hoc test. The scale bars represent 
100  m m in panels ( a ,  b ) and 10  m m in panels ( d – f ) (Adapted from Froger et al.  2012  )        

 



  Fig. 6.4    Taurine supplementation prevents the RGC degeneration in animal models for retinal dis-
eases. ( a – c ) Representative confocal images of retinal cryo-sections showing the POU4F1 immuno-
positive RGC immunolabelling ( red ) and cell nuclei staining (DAPI;  blue ) performed in unoperated 
eyes (Control,  a ) and cauterized eyes (cauterized;  b ,  c ) in rats without (water;  a ,  b ) or with taurine 
supplementation (taurine;  c ) added to their drinking water. ( d ) Quanti fi cation of POU4F1-positive 
RCG densities in both control eyes and cauterized eyes from rats without (water;  white bars ; 
mean ± SEM,  n  = 11 and 10 for control and cauterized eyes, respectively) or with tau rine supplemen-
tation (taurine;  black bars ; mean ± SEM,  n  = 11 and 9 for control and cauterized eyes, respectively). 
* p  < 0.05 and *** p  < 0.001 as compared to indicated group in ( d ,  e ), one-way ANOVA followed by a 
Bonferroni post hoc test. ( e ) Quanti fi cation of POU4F1 immunopositive RGCs in retinal cryo-sec-
tions from Sprague-Dawley wild-type animals (WT water,  white bar ), from untreated heterozygous 
P23H rats (P23H water;  grey bar ) and from taurine-supplemented P23H rats (P23H taurine;  black 
bar ). Data expressed as RGC per mm of retinal section are means ± SEM from  n  = 7 animals for each 
group. Scale bars represent 50  m m in panels ( a – c ) (Adapted from Froger et al.  2012  )        
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(0.2 M administered through the drinking water for 3 months) signi fi cantly prevented 
87% of the RGC damage in the cauterized eyes ( p  < 0.05; Fig.  6.4c, d ). Such taurine 
supplementation was found to produce a signi fi cant increase (by 95%) of the plasma 
taurine concentration ( p  < 0.01 compared to taurine-free water-drinking rats). This 
RGC prevention was also associated with an increase in the electroretinogram ampli-
tude providing evidence for a functional improvement of the diseased retina. These 
results indicate that the in vivo taurine administration can prevent the RGC loss in a 
glaucomatous eye showing an IOP increase.   

    6.3.5   Taurine Prevents RGC Degeneration in an Animal Model 
of  Retinitis Pigmentosa  

 To generalize to other pathological conditions the potential interest of taurine in 
preventing RGC degeneration, we administered taurine in the drinking water of 
P23H rats, a model of  retinitis pigmentosa . At 9 months of age, these P23H rats 
have lost their photoreceptors and they exhibit a secondary RGC degeneration 
(Garcia-Ayuso et al.  2010 ; Kolomiets et al.  2010  ) . At 1 year, P23H rats showed a 
signi fi cant 18% loss in RGC density (42.6 ± 4.7 cells/mm), when compared to the 
age-matched Sprague-Dawley control rats (52.3 ± 5.9 cells/mm) (Fig.  6.4e ). Again, 
the taurine supplementation for 3 months, from 9 to 12 months, prevented 
signi fi cantly 65% of this RGC loss (49.0 ± 2.9 cells/mm;  p  < 0.05; Fig.  6.4e ). These 
results indicate that taurine can prevent the secondary RGC loss in this animal 
model of  retinitis pigmentosa .   

    6.4   Discussion 

 In our studies, we found that taurine is a crucial factor for maintaining RGC survival. 
In different animal models both  in vitro  and  in vivo , we demonstrated that taurine 
de fi ciency is responsible for RGC degeneration. These results appear as a direct effect 
of taurine on RGCs because taurine directly prevented RGC degeneration in pure 
cultures subjected to serum deprivation. This effect of taurine could be important in 
treating retinal diseases because taurine supplementation prevented RGC loss occur-
ring either as a primary process in glaucomatous rats or secondary to photoreceptor in 
P23H rats, a model of  retinitis pigmentosa . The clinical relevance of these studies is 
provided by the observation of RGC loss in vigabatrin-treated patients exhibiting a 
taurine depletion. 

 The  fi rst indication of the major role of taurine in RGC survival came from our 
study on the vigabatrin toxicity. Vigabatrin, an antiepileptic drug effective against 
infantile spasm and complex partial seizure in adult (Ben-Menachem et al.  1989 ; 
Curatolo et al.  2006  ) , was described to cause retinal toxicity both in human (Krauss 
et al.  1998 ; Miller et al.  1999 ; van der Torren et al.  2002 ; Frisen and Malmgren 
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 2003 ; Westall et al.  2003 ; Buncic et al.  2004  )  and in treated animals (Butler et al. 
 1987 ; Duboc et al.  2004  ) . In rats, the retinal toxicity induced by chronic vigabatrin 
administration is characterized by an alteration in electroretinogram (Duboc et al. 
 2004  ) , associated with histological disorganization, with cone damage, neuronal 
plasticity and reactive gliosis (Duboc et al.  2004 ; Wang et al.  2008  ) . Interestingly, 
this retinal toxicity was correlated to a taurine de fi ciency responsible for the cone 
damage (Jammoul et al.  2009  ) . Such role of taurine in photoreceptor survival was 
already described, in particular in cats fed with free-taurine diet (Hayes et al.  1975  ) . 
However, in vigabatrin-treated patients, the primary focus of degeneration appeared 
located in the RGC layer (Ravindran et al.  2001 ; Frisen and Malmgren  2003 ; Kilic 
et al.  2006  ) . These correlated events led us to demonstrate that taurine depletion can 
induce RGC degeneration. 

 Taurine is mainly provided by diet and Tau-T activity constitutes the essential 
function to provide exogenous taurine to tissues. Indeed, Tau-T are expressed at the 
level of intestine epithelium (Satsu et al.  1997  )  to provide exogenous taurine from 
diet to the blood. In retinal tissue, taurine was provided from blood through the 
Tau-T expressed in retinal capillary endothelial cells (Tomi et al.  2008  ) . The genetic 
inactivation of Tau-T in mice (see Heller-Stilb et al.  2002 ; Ito et al.  2008  )  produced 
an alteration in ganglion cell layer, although no speci fi c characterization was pro-
vided (Heller-Stilb et al.  2002  ) . Here, the pharmacological inactivation of Tau-T 
activity by the selective blocker GES induced a strong reduction in taurine level 
both in plasma and into retinal tissue. This taurine depletion is associated with an 
RGC loss, while it also affects the photoreceptor survival (Gaucher et al.  2012  ) . 

 To further demonstrate that taurine exerts a direct action on RGC survival, we 
examined the effects of taurine treatments on RGC damages occurred in both  in vitro  
and  in vivo  models. We provide evidence that taurine can promote the survival of 
adult RGCs in a pure culture, under serum-deprivation conditions. This result dem-
onstrates a direct neuroprotective action of taurine on RGCs, which is consistent 
with the taurine-elicited resistance to hypoxia in an immortalized RGC cell line 
(Chen et al.  2009  ) . As reported in the immortalized RGC cell line, the taurine neu-
roprotection of RGCs could occur through intracellular pathways, by reducing the 
intracellular calcium levels and by inhibiting the opening of mitochondrial perme-
ability transition pores (Chen et al.  2009  ) . Taurine was also shown to be essential for 
the translation of the mitochondrial DNA (Schaffer et al.  2009  ) . The speci fi c expres-
sion of the Tau-T in freshly puri fi ed RGCs suggests that an intracellular mechanism 
is involved in taurine protective action. This hypothesis was here validated by the 
loss of taurine neuroprotection found in presence of the Tau-T inhibitor, GES. The 
in vitro survival effect reported in this study was obtained at a millimolar concentra-
tion that remains in the physiological range since the retinal concentration of taurine 
was reported as high as 50 mM (Schmidt and Aguirre  1985  ) . The taurine concentra-
tion used in our experiments is also similar to those used for in vitro studies on 
cerebellar neurons (El Idrissi  2008  )  and on the immortalized RGC line (Chen et al. 
 2009  ) . Taken together, these results indicate that taurine can directly stimulate the 
RGC survival through an intracellular mechanism following its uptake by the Tau-T. 
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In addition, we found that taurine prevents RGC death induced by glutamate exci-
totoxicity in NMDA-treated retinal explants from adult rats (not shown, see Froger 
et al.  2012  ) . Taurine was previously reported to prevent glutamate excitotoxicity in 
embryonic cultured cerebellar neurons (El Idrissi  2008  )  or mixed brain neurons 
(Wu and Prentice  2010  ) . The intracellular effects of taurine discussed above could 
explain this prevention of RGC glutamate excitotoxicity in NMDA-treated retinal 
explants. 

 Finally, we assessed the in vivo effect of taurine supplementation on RGC sur-
vival in rat animal models of RGC degeneration. The  fi rst animal model is glau-
comatous rats with an increased intraocular pressure leading to RGC degeneration 
and the second is a model of  retinitis pigmentosa , the P23H rat, which exhibits RGC 
degeneration secondary to a photoreceptor loss. We observed RGC neuroprotection 
by taurine supplementation in these two models. A similar result was also obtained 
in another model of glaucoma, the DBA2 mice (Froger et al.  2012  ) . In these models, 
the taurine neuroprotection suggests that the retinal taurine content may decrease 
below the optimum level for RGC survival. In fact, the lower ocular perfusion pres-
sure, which is consecutive to the IOP increase and de fi ned as a risk factor for pri-
mary open angle glaucoma (Araie et al.  2009  ) , could cause a decrease in the retinal 
taurine content. In P23H rats, the major vascular atrophy also seen in patients fol-
lowing photoreceptor degeneration (Pennesi et al.  2008  )  could reduce the taurine 
retinal intake by reducing the number of capillary endothelial cells, transporting 
taurine into the retinal tissue (Tomi et al.  2008  ) . Altogether these results suggest that 
reducing any parameter affecting taurine retinal in fl ux may lead to RGC degenera-
tion: (1) taurine plasma concentrations following vigabatrin (Jammoul et al.  2010  )  
and GES treatments (Gaucher et al.  2012  ) , (2) ocular blood  fl ow as in glaucoma 
(Flammer et al.  2002 ; Araie et al.  2009 ; Leske  2009  )  and (3) density of the retinal 
vascular plexus as in  retinitis pigmentosa  (Pennesi et al.  2008  ) .  

    6.5   Conclusion 

 Future studies will have to de fi ne whether taurine can become a treatment for the 
prevention of RGC loss in retinal degenerative diseases. In the case of  retinitis pig-
mentosa , a decrease in plasma taurine level was described in patients, and a com-
bined treatment with taurine was already found to improve patient vision although 
this effect was attributed to an improvement in photoreceptor function (Pasantes-
Morales et al.  2002  ) . Future epidemiological studies are needed to investigate how 
the nutritional taurine intake is correlated to the development of RGC degenerative 
diseases. Indeed, a great variability in nutritional taurine intake was reported among 
different world populations when correlating taurine levels with heart failure 
(Yamori et al.  2006  ) . These considerations indicate that a proper diet or taurine 
supplementation could contribute to the prevention and/or treatment of RGC degen-
eration in different pathological conditions.      
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  Abstract   Taurine activates not only Cl − -permeable ionotropic receptors but also 
receptors that mediate metabotropic responses. The metabotropic property of tau-
rine was revealed in electrophysiological recordings obtained after fully blocking 
Cl − -permeable receptors with an inhibitory “cocktail” consisting of picrotoxin, 
SR95531, and strychnine. We found that taurine’s metabotropic effects regulate 
voltage-gated channels in retinal neurons. After applying the inhibitory cocktail, 
taurine enhanced delayed outward recti fi er K +  channels preferentially in Off-
bipolar cells, and the effect was completely blocked by the speci fi c PKC inhibitor, 
GF109203X. Additionally, taurine also acted through a metabotropic pathway to 
suppress both L- and N-type Ca 2+  channels in retinal neurons, which were insensi-
tive to the potent GABA 

B
  receptor inhibitor, CGP55845. This study reinforces our 

previous  fi nding that taurine in physiological concentrations produces a multiplic-
ity of metabotropic effects that precisely govern the integration of signals being 
transmitted from the retina to the brain.  
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  Abbreviations  

  AMPA     a -Amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid   
  GABA     g -Aminobutyric acid   
  IPL    Inner plexiform layer   
  ONL    Outer nuclear layer   
  INL    Inner nuclear layer   
  GCL    Ganglion cell layer         

    7.1   Introduction 

 Taurine, like GABA and glycine, activates ionotropic receptors that produce an 
inhibitory effect on neurons by promoting an in fl ux of Cl − . It is also capable of 
activating metabotropic receptors that regulate a wide range of mechanisms through 
intracellular second messenger and G-protein sensitive pathways. Although molec-
ular evidence of a taurine-sensitive metabotropic pathway has not been uncovered, the 
metabotropic effects of taurine have been reported in brain tissues (Wu et al.  2005  ) . 
Indeed, taurine has been found to regulate intracellular protein interaction, various 
aspects of mitochondrial function, and Ca 2+  release from internal stores, resulting in 
changing activities of glutamate receptors and Na + /Ca 2+  exchange (Li and Lombardini 
 1991 ; El Edrissi and Trenkner  1999 ; Wu and Prentice  2010  ) . Many of these effects 
are believed to result from activation of metabotropic pathways via receptor-coupled 
G-proteins (Wu and Prentice  2010  ) . 

 In the vertebrate retina, taurine acts as a neurotransmitter as well as a modulator 
of neuronal activity. Many neurotransmitters serve to regulate voltage-gated chan-
nels (Parnas and Parnas  2010  )  and thereby control cell excitability and neurotrans-
mitter release. In a previous study from this laboratory, using Ca 2+  imaging and 
whole-cell patch-clamp recordings of retinal neurons, we showed that taurine pro-
vides a dose-dependent regulation of Ca 2+ -permeable glutamate receptors and volt-
age-gated Ca 2+  channels. Moreover, we found that this regulatory activity was via 
CaMKII- and PKA-dependent intracellular pathways (Bulley and Shen  2010  ) . 
In addition, the regulation of Ca 2+ -dependent synaptic release by taurine was 
reported in earlier studies of amphibian, rabbit, and ox retinas (Burkhardt  1970 ; 
Cunningham and Miller  1976 ; DiGiorgio et al.  1977  ) . Currently, we have discov-
ered that taurine also can suppress spontaneous synaptic release from inner retinal 
neurons. Clearly, taurine plays a key role in retinal synaptic transmission and modu-
lation. In this report we will present evidence showing that taurine regulates volt-
age-gated K +  and Ca 2+  channels in retinal bipolar cells and third-order neurons. 

 In many earlier studies, the effects of taurine were generated by application in 
concentrations of considered to be of no relevance physiologically. However, in the 
course of our studies, we discovered that taurine produces metabotropic regulation 
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at much lower concentrations and that the effects of taurine were insensitive to the 
antagonists of GABA and glycine receptors. Interestingly, this taurine action leads 
to a speci fi c modulation of voltage-gated K +  channels and Ca 2+  channels, critical 
components of cell excitability and synaptic transmission.  

    7.2   Methods 

 All procedures were performed in accordance with the guidelines of the National 
Institutes of Health Guide for the Care and Use of Laboratory Animals and approved 
by the University’s Animal Care Committee. 

    7.2.1   Retinal Slice Preparation 

 Larval tiger salamanders ( Ambystoma tigrinum ) purchased from the Charles Sullivan 
(Nashville, TN, USA) and Kons Scienti fi c (Germantown, WI, USA) were used in this 
study. The animals were kept in aquaria at 13°C under a 12-h dark–light cycle with 
continuous  fi ltration. The retinas were collected from animals kept at least 6 h in the 
dark. After the animals were decapitated and double-pithed, the eyes were enucleated. 
Retinal slices were prepared in a dark room, under a dissecting microscope equipped 
with powered night-vision scopes (BEMeyer Co., Redmond, WA, USA), an infrared 
illuminator (850 nm), an infrared camera, and a video monitor. The retina was removed 
from the eyecup in Ringer’s solution consisting of (in mM) NaCl (111), KCl (2.5), 
CaCl 

2
  (1.8), MgCl 

2
  (1.0), HEPES (5.0), and dextrose (10), pH = 7.7. It was then 

mounted on a piece of micro fi lter paper (Millipore, Billerica, MA, USA) with the 
ganglion cell layer downward. The  fi lter paper with retina was vertically cut into 
250  m m slices using a tissue slicer (Stoelting Co.,Wood Dale, IL, USA).  

    7.2.2   Cell Dissociation 

 Retinas were removed from the eyecup in Ringer’s solution. The tissue was then 
digested in a freshly prepared enzymatic solution containing 50  m l papain (12 U/ml) 
in 500  m l of Ringer’s solution to which was added 5 mM  l -cysteine and 1 mM 
EDTA (pH = 7.4), and bathed for 20–35 min at room temperature. The papain-
treated retinas were washed and mechanically triturated through a  fl ame-polished 
Pasteur pipette into the standard Ringer’s solution. The dissociated cells were seeded 
on 18 mm glass coverslips coated with Lectin and allowed to set for 20 min. The 
coverslip was then moved into the recording chamber and superfused with oxygenated 
Ringer’s solution.  
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    7.2.3   Whole-Cell Patch-Clamp Recording 

 Tissues (retinal slices or isolated cells) were placed in a recording chamber on the 
stage of an Olympus BX51WI microscope equipped with a CCD camera linked to 
a monitor. Whole-cell patch-clamp recordings were performed on bipolar cells, 
amacrine cells, and ganglion cells in retinal slices as well as isolated cells using an 
EPC-10 ampli fi er and Pulse software (HEKA Instruments Inc., Bellmore, NY, 
USA). Patch electrodes (5–8 M W ) were pulled with an MF-97 microelectrode puller 
(Sutter Instrument Co., Novato, CA, USA). Recordings were obtained 5–10 min 
after membrane rupture in order to allow the cells to stabilize after dialysis of the 
electrode solution. Data were analyzed and plotted using Pulse and Igor/Excel soft-
ware (WaveMetrics, Inc., Lake Oswego, OR, USA). 

 A gravity-driven perfusion system was used to superfuse all external solutions. 
The perfusion tube was placed 3 mm away from the retinal slice and was manually 
controlled for delivering drugs during the experiments. All of the chemicals used in 
this study were purchased from Sigma (St. Louis, MO) and Tocris Bioscience 
(Ellisville, MO, USA).  

    7.2.4   Extracellular and Intracellular Solutions 

 To study the metabotropic effect of taurine on delayed outward K +  (K 
v
 ) channel cur-

rents, the Ringer solution contained an inhibitory “cocktail” of Cd 2+  (100  m M), 
picrotoxin (100  m M), and strychnine (10  m M), thereby blocking ionotropic mem-
brane receptors. 

 To study taurine’s metabotropic regulation of voltage-dependent Ca 2+  channels, 
the modi fi ed Ringer solution contained tetraethyl ammonium chloride (TEA, 
40 mM), tetrodotoxin (TTX, 1  m M), and barium chloride (BaCl 

2
 , 10 mM). To adjust 

for the excess concentration of Cl −  ions in the TEA- and Ba 2+ -containing Ringer’s 
solution, the concentration of NaCl was reduced accordingly.  

    7.2.5   Identi fi cation of Cell Types and Subtypes 

 On- and Off-bipolar cells in retinal slices were identi fi ed by their neuronal morphol-
ogy after intracellular dialysis with the  fl uorescent dye Lucifer Yellow, introduced 
during whole-cell recording. The axonal loci of most On- and Off-bipolar cells are 
within sublamina  b  and  a  of the inner plexiform layer (IPL), respectively. However, 
many of the Off-bipolar cells were “displaced,” with somas in the outer nuclear 
layer (Maple et al.  2004  ) . Their electrical signature and unique location allowed us 
to identify the Off-bipolar cells. 

 Isolated third-order neurons (amacrine and ganglion cells) and bipolar cells often 
were distinguished based on physiological criteria, i.e., their distinctive transient 
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Na +  currents in whole-cell recording. Unlike bipolar and horizontal cells, which 
show extremely large inward recti fi er currents, ganglion cells typically generate 
large Na +  currents (exceeding 500 pA) and display very small inward recti fi er cur-
rents at negative voltages, whereas amacrine cells have relatively small transient 
Na +  currents as well as small inward recti fi er currents. Because there are many dif-
ferent types of amacrine cells in salamander retina, these criteria are less than ideal 
but did not signi fi cantly in fl uence the results.   

    7.3   Results 

    7.3.1   Taurine-Enhanced K 
v
  Currents in Off-Bipolar Cells 

 Retinal bipolar cells are interneurons that convey photoreceptor signals to amacrine 
and ganglion cells via mono- or multisynaptic axon terminals located in the synap-
tic IPL. In general, they can be divided into On- and Off-bipolar cells by their depo-
larizing and hyperpolarizing responses to photic stimuli. However, as noted above, 
the two types can also be distinguished morphologically by the location of their 
terminal endings within the IPL. On-bipolar cells end in the more proximal portion 
(sublamina  b ) of the IPL, whereas the Off-bipolar cells terminate in the distal por-
tion (sublamina  a ) of the IPL. 

 Immunocytochemical analysis of the amphibian retina indicated that both tau-
rine and the taurine transporter are present in photoreceptors and Off-bipolar cells 
(Bulley and Shen  2010  ) , suggesting that these neurons probably release taurine. To 
study the metabotropic effects of taurine, the tissues were bathed in an extracellular 
solution that contained an inhibitory “cocktail” consisting of Cd 2+  (100  m M) which 
blocks voltage-gated Ca 2+  channels as well as Ca 2+ -dependent K +  channels and Cl −  
receptors were inhibited by picrotoxin (100  m M) and strychnine (5  m M). This solu-
tion is referred to as Cd(I) throughout this chapter. 

 Voltage-gated channels in bipolar cells in retinal slices were activated by a series 
of 25 ms voltage steps ranging from −100 to +60 mV. Figure  7.1a  shows an example 
of currents elicited in an On- and Off-bipolar cell by this protocol with the tissue 
bathed in the Cd(I) solution (black traces). The large-sustained rectifying K +  cur-
rents appeared at voltages more positive than 0 mV. Since voltage-gated Ca 2+  chan-
nels in bipolar cells were blocked in Cd(I) solution, it is likely that Ca 2+ -dependent 
K +  (K 

Ca
 ) channel currents were abolished. Therefore, the large-sustained K +  currents 

were mediated by outward recti fi er K 
v
  channels. Interestingly, taurine (80  m M) in 

Cd(I) solution greatly enhanced K 
v
  current preferentially in Off-bipolar cells; 

whereas taurine slightly suppressed K 
v
  currents in On-bipolar cells (red traces, On- 

and Off-bipolar cell). The K 
v
  currents recovered to control levels within 1–2 min 

after taurine was withdrawn. The enhancement by taurine of K 
v
  currents was likely 

a metabotrophic effect, since Cd(I) blocked taurine’s ionotropic action on Cl − -
permeable receptors. Notice that the currents at very negative voltages, which were 
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commonly observed in bipolar cells, were not affected by taurine; these currents 
likely represent inward recti fi er K +  (K 

ir
 ) channel currents, activated at −100 mV.  

 The percentage increase and decrease of K 
v
  currents by taurine were quanti fi ed 

at +60 mV from each recorded cell. As depicted in Fig.  7.1b , the statistical analysis 
indicates that taurine enhancement of K 

v
  currents varied between 10 and 80% from 

cell to cell. On average, taurine caused 44.37 ± 8.5% increase in K 
v
  currents in Off-

bipolar cells ( n  = 21;  p  < 0.001). Taurine inhibition of K 
v
  currents in On-bipolar 

cells varied by 10–20% of control with an average inhibition of 8.32% ± 2.3 ( n  = 11; 

  Fig. 7.1    Metabotropic effect of taurine on regulation of K 
v
  currents in bipolar cells studied in 

whole-cell patch-clamp recording. ( a ) Current responses were recorded from both On- and Off-
bipolar cells activated by multiple depolarizing steps from −100 to +60 mV with 10 mV incre-
ments. Large K 

v
  currents were generated from bipolar cells at positive voltages in the Cd(I) 

solution; taurine (80  m M) enhanced K 
v
  currents in Off-bipolar cells, but not On-bipolar cells. ( b ) 

Taurine-induced percentage increase or decrease of K 
v
  currents in Off- and On-bipolar cells mea-

sured at +60 mV       
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 p  < 0.01). The differing degree of regulation for K 
v
  channels in On- and Off-bipolar 

cells suggests that different receptors or different intracellular metabotropic 
 pathways might mediate taurine’s actions. Interestingly, we found that the enhance-
ment in Off-bipolar cells by taurine persisted even after the axons were severed, 
indicating that taurine probably activates receptors in the somatodendritic areas of 
the cells. Since taurine is naturally found in high concentrations in the outer retina, 
these  fi ndings suggest that taurine could provide metabotropic regulation of 
Off-bipolar cells.  

    7.3.2   Role of Protein Kinases in Taurine-Enhanced K 
v
  Currents 

 To con fi rm that a metabotropic pathway was involved in taurine regulation of K 
v
  

channels in bipolar cells, we tested the effects of speci fi c inhibitors of PKA and 
PKC, the major intracellular signaling pathways in metabotropic regulation. We 
recorded K 

v
  current changes with and without taurine using a single voltage step 

protocol to activate K 
v
  channels in Off-bipolar cells. K 

v
  currents were elicited by a 

25 ms voltage step from −60 to +60 mV in control Cd(I) solution, both with and 
without taurine. As illustrated in Fig.  7.2a , the K 

v
  current was signi fi cantly enhanced 

by taurine, and the histogram in Fig.  7.2b  shows that, on average, the K 
v
  currents 

(measured at the time indicated by the dotted line) were enhanced by approximately 
80%. When GF109203X (10  m M), a membrane permeable, PKC-speci fi c inhibitor, 
was added to the control solution, it suppressed the sustained portion of the K 

v
  cur-

rents in Off-bipolar cells (Fig.  7.2c , black trace), and interestingly, it completely 
suppressed the enhancing effect of taurine on the K 

v
  currents (red trace). When PKC 

was inhibited pharmacologically, taurine only produced on average a 3.7% increase 
in the K 

v
  currents of Off-bipolar cells (Fig.  7.2d ,  n  = 4). Although this result strongly 

suggests that the internal pathway activated by taurine is PKC-speci fi c, the result 
was confounded by the fact that the taurine-enhancing effect was still observed 
when we dialyzed PKI, a PKA-speci fi c antagonist, into the cell during whole-cell 
recording (data not shown). It is therefore not possible to conclude that a PKA-
mediated pathway is involved in taurine’s metabotropic action on Off-bipolar cells.   

    7.3.3   Taurine Shapes the Voltage Response of Off-Bipolar Cells 

 A physiological role for the regulation of K 
v
  channels in Off-bipolar cells was 

addressed by recording bipolar cell membrane changes in response to a transient 
depolarization pulse that mimicked the physiological response of the cells to light 
offset. Although bipolar cells do not normally generate spike potentials, Off-bipolar 
cells typically show a transient “overshoot” depolarization at light offset due to the 
fact that they receive large, multivesicular phasic signals at the termination of a light 
pulse. Outward rectifying K 

v
  channels play an important role in the membrane repo-

larization in “overshoot”; they are activated at positive voltages, which allow the 
outward  fl ow of K +  ions, and thus effectively controlling the repolarization rate. 
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 In current-clamp mode, a protocol was developed to mimic the phasic signal 
received by Off-bipolar cells. Extracellular Cd(I) was still applied to block the net-
work effects of bath applied taurine, and a brief (5 ms) current injection was used to 
depolarize the cell to +20 mV from its resting level. After depolarization, the cell 
repolarized via multiple mechanisms, including K 

v
  channel activation. To con fi rm 

that K 
v
  channels are critical for establishing the repolarization rate in Off-bipolar 

cells, we employed the broad spectrum K +  channel blocker tetraethylammonium 
(TEA, 20 mM). As expected, with the cell in control solution, the rate of repolariza-
tion following current injection was rapid and described a single exponential decay 

  Fig. 7.2    Taurine enhanced K 
v
  currents in Off-bipolar cells via a PKC pathway ( a ) K 

v
  currents in a 

displaced Off-bipolar cell, elicited by a single voltage step, were signi fi cantly enhanced by taurine 
measured at the dotted line. ( b ) Histogram depicting taurine enhancing K 

v
  current about 80% in 

Off-bipolar cells. ( c ) K 
v
  current of Off-bipolar cells was suppressed by the speci fi c PKC inhibitor 

GF109203X ( black trace ), whereas taurine had no effect on the K 
v
  currents in the presence of 

GF109203X. GF109203X also reduced the sustained K 
v
  currents in the cells. ( d ) The taurine effect 

in Off-bipolar cells was completely eliminated ( p  > 0.05) compared to control when the PKC inhib-
itor GF109203X was applied       
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function with a time constant of   t   = 32 ms (Fig.  7.3a ). This was in stark contrast to 
the slower repolarization rate (  t   = 272 ms) when TEA was used to block K +  channels 
(including K 

v
 ). This is not an ideal state in which to encode multiple large and tran-

sient signals. It seems likely that the long, delayed repolarization with TEA re fl ects 
the ability of K 

v
  channels to ease the cell back to its resting level following brief, 

intense stimuli.  
 The test was repeated in Off-bipolar cells in Cd(I) control with and without 

80  m M taurine. Since the enhancement of K 
v
  currents by taurine would cause more 

K +  ef fl ux and increase the membrane conductance, signals are expected to decay 
more rapidly as K +  ef fl ux increases, and the cell will quickly repolarize following 
depolarization. As shown in Fig.  7.3b , the control signal ( black trace ) was greater in 
response to depolarization, and the decay rate was slower compared with the results 
when taurine was in the bath ( red trace ). Taurine caused a fast signal decay and 
limited the duration of depolarization, indicating that taurine plays a role in encod-
ing offset light “overshoot” signals in Off-bipolar cells, especially those receiving 
rapid, transient responses from cones.  

    7.3.4   Taurine Suppresses Voltage-Gated Ca 2+  Channels 
Via a Metabotropic Pathway 

 To determine whether taurine directly in fl uences synaptic vesicle release in retinal 
neurons, the effect of taurine was studied on voltage-gated Ca 2+  channels in isolated 
neurons free of inputs from the retinal network. All control Ca 2+  channel currents 

  Fig. 7.3    Voltage waveform in Off -bipolar cells is shaped via changes in K +  conductance 
( a ) Off-bipolar cell under current-clamp conditions was subjected to short 5 ms current injections 
suf fi cient to depolarize the cell to +20 mV ( black ). After blocking K +  conductance with TEA 
(20 mM), an identical current injection caused a larger voltage increase with an increase in the time 
to decay. ( b ) The voltage waveform is reduced in amplitude with taurine (80  m M) with an increase 
in the decay rate as compared with control       
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were recorded in a Ba 2+ - and TEA-containing Ringer’s solution, since Ca 2+  channels 
are more permeable to Ba 2+  than to Ca 2+ , and TEA blocked all voltage-gated K +  
channels. In addition, taurine-sensitive Cl − -permeable channels were blocked with 
picrotoxin (100  m M) and strychnine (10  m M). TTX (1  m M) was used to block volt-
age-gated Na +  channels. The combination of Ba 2+  and the cocktail of inhibitors 
served as the control solution referred to as Ba(I) throughout this chapter. 

 Ca 2+  channel currents were studied using a ramp protocol with voltages increas-
ing from −100 to +50 mV over a period of 2 s. An inward Ca 2+  channel current was 
generated by the ramp in Ba(I), and the addition of taurine (100  m M) caused a 
reduction in the current (Fig.  7.4 ); this suppression could be washed away after 
1–2 min in the control solution. Ca 2+  channel currents could be fully blocked by bath 
application of Cd 2+  (100  m M), a voltage-dependent Ca 2+  channel blocker. In the 
Cd 2+ -containing Ba(I) solution, taurine had no further effect, indicating that the 
inhibitory effect of taurine was on voltage-gated Ca 2+  channels. Taurine regulation 
of Ca 2+  channels was further examined in the third-order neurons and some bipolar 
cells. We found that taurine suppressed Ca 2+  channel currents rather consistently in 
most of the cells recorded, but the degree of suppression varied among the different 
types of neurons.  

 Several studies have reported that taurine activates metabotropic GABA 
B
  recep-

tors (Kontro and Oja  1990 ; Smith and Li  1991 ; Nicoll  2004  ) . To investigate whether 
the GABA 

B
  receptor was involved in mediating taurine regulation of Ca 2+  channels, 

  Fig. 7.4    Taurine suppression of voltage-gated Ca +  channel currents in third-order neurons recorded 
in the Ba(I)—modi fi ed Ringer solution. Voltage-activated Ca +  channel currents were generated 
with a voltage ramp from −100 to +50 mV within 2 s. Ca 2+  channel currents were suppressed by 
taurine (100  m M). Both Ca 2+  channel currents and taurine inhibition were fully blocked by the 
voltage-gated Ca 2+  channel blocker Cd 2+        
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CGP55845 (10  m M), a potent GABA 
B
  receptor inhibitor, was used to block the 

GABA 
B
  receptors on retinal neurons. We then tested the inhibitory effect of taurine 

on Ca 2+  channel currents with and without presence of CGP55845. The results 
obtained in recordings from amacrine cells (known to express GABA 

B
  receptors), 

Fig.  7.5a, b  show an example of recordings. In the Ba(I) control, taurine suppressed 
Ca 2+  channel currents, and the effect was recovered after taurine was removed 
(Fig.  7.5a ). Then, CGP55845 was applied in Ba(I). We observed that CGP55845 
itself had a suppressive effect on Ca 2+  channel currents in some cells (Fig.  7.5b ). 
With CGP55845 in the solution, taurine still suppressed Ca 2+  channel currents. 
Subtraction of the Ca 2+  channel activation curves with and without taurine during 
control and in CGP55845 conditions revealed that the same amount of current was 
suppressed by taurine (see the lower panels in Fig.  7.5a, b ), supporting that 
CGP55845 did not in fl uence the effect of taurine. This  fi nding indicates that taurine 
is not acting on the GABA 

B
  receptor in amacrine cells.   

  Fig. 7.5    Taurine suppressed Ca 2+  channels via a receptor or pathway that was unrelated to GABA 
B
  

receptors. ( a ) Taurine reduced voltage-gated Ca 2+  channel currents in control with external Ba(I), 
and the suppression could be washed away (the  light trace ); the suppression was estimated by 
subtraction of taurine-regulated Ca 2+  current curve from control curve. ( b ) With CGP55845 
applied, taurine still suppressed Ca 2+  currents; the effect of taurine was derived by subtracting the 
two curves with and without taurine       
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    7.3.5   Both L- and N-Type Ca 2+  Channel Currents 
Are Regulated by Taurine 

 To determine which types of Ca 2+  channels are regulated by taurine, the speci fi c 
L-type Ca 2+  channel blocker, nifedipine (100  m M), and N-type Ca 2+  channel blocker, 
 w -conotoxin (1  m M) were used to block the individual Ca 2+  channel subtype in 
third-order neurons. 

 Voltage-gated Ca 2+  channel currents were generated with a single depolarizing 
step from −60 to 0 mV, the voltage that elicits a maximum Ca 2+  channel current in 
neurons. Figure  7.6a  shows that nifedipine partially suppressed the inward Ca 2+  

  Fig. 7.6    Metabotropic effect of taurine regulates voltage-gated L-type and N-type Ca 2+  channels. 
( a ) Ca 2+  channel currents were generated in a single voltage depolarization step from −60 to 0 mV 
in a second. Nifedipine reduced most of sustained Ca 2+  channel currents and had less effect on the 
transient Ca 2+  channel currents, and taurine suppressed Ca 2+  channel current with nifedipine. ( b ) 
 w -conotoxin suppressed both sustained and transient Ca 2+  currents and taurine further reduced Ca 2+  
channel currents. ( c ) With nifedipine and  w -conotoxin, average suppressive effect of taurine on 
Ca 2+  channel currents in the third-order neurons ( n  = 6)       
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channel currents (30% at the beginning of the pulse and 70% near the end of the 
pulse), and with nifedipine to block L-type channels, taurine reduced approximately 
50% of the Ca 2+  channel current (measured near the end of the pulse) (red trace). On 
the other hand, application of the N-type channel blocker  w  − conotoxin reduced by 
almost 50% the Ca 2+  channel currents. And in the presence of  w -conotoxin, taurine 
suppressed an additional 30% of the Ca 2+  channel current. These examples show 
that taurine regulates both the L- and N-type Ca 2+  channels in the retinal neurons. 
The histogram bars show that on average taurine suppressed 46% of nifedipine-
insensitive Ca 2+  channel currents ( n  = 6) and 24% of  w -conotoxin-insensitive Ca 2+  
channel currents ( n  = 6).    

    7.4   Discussion 

 We report here the results of a series of experiments which strongly suggest that 
taurine has a metabotropic effect that is insensitive to GABA and glycine recep-
tor antagonists. In addition, we have shown that taurine regulates voltage-gated 
K 

v
  channels and Ca 2+  channels via a metabotropic pathway. Also shown is the 

more ubiquitous role of taurine in the modi fi cation of synaptic transmission and 
cell excitability by its ability to modulate voltage-gated channels of retinal neu-
rons. These properties may also apply to other brain regions and sensory systems 
in the CNS. 

 Although the exact site at which taurine acts in Off-bipolar cells is unknown, a 
recent study from this laboratory indicates that taurine enhances delayed recti fi er 
K 

v
  channels in third-order neurons by activating the serotonin receptor, 5HT 

2A
  via 

a metabotropic pathway (paper in press). It is possible that taurine regulates K 
v
  

channels in Off-bipolar cells by the same receptor and same mechanism we  fi nd in 
third-order neurons. Our  fi ndings provide new information that (1) a novel 
metabotropic taurine response in retinal neurons is completely distinct from the 
earlier described metabotropic GABA 

B
  receptor, (2) the taurine response leads to 

the downstream activation of K 
v
  channels and appears to act through a PKC-

dependent pathway within Off-bipolar cells, (3) this activity is completely differ-
ent in On-bipolar cells which apparently lack the receptor site for this PKC-dependent 
effect, and (4) since taurine increased K +  ef fl ux through K 

v
  channels and increased 

the rate of cell repolarization, it may possibly shape the rapid “overshoot” signals 
in Off-bipolar cells. In fact, a transient “overshoot” depolarization at light offset 
occurs in Off-bipolar cells, but not in On-bipolar cells. Therefore, the effect of 
taurine on regulation of K 

v
  channels may allow Off-bipolar cells to increase the 

encoding rate of light-induced signals. 
 In general, taurine’s ability to increase K 

v
  channel activity may serve as a mecha-

nism for protecting cells from over-excitation. As voltage-gated K +  channels are 
endogenous suppressors of neuronal excitability, their modulation leads to potential 
therapeutic bene fi ts by reducing neuronal hyperexcitability in stroke and epileptic 
patients. Delayed outward recti fi er K 

v
  channels are particularly important in 
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somatodendritic excitability in hippocampal and cortical pyramidal neurons 
(Bekkers  2000 ; Zhang et al.  2010 ; Korngreen and Sakmann  2000  ) . Taurine has been 
shown to exert a neuroprotective role on the brain when administered before or after 
a middle cerebral artery occlusion (Wang et al.  2007  ) , and it prevents stroke in 
stroke-prone spontaneously hypertensive rats (Yamori et al.  2010  ) . It is possible that 
its metabotropic effect is one of the potential mechanisms for neuroprotection.  

    7.5   Conclusion 

 We  fi nd that taurine at physiological concentrations ( m M) generate metabotropic 
effects that are taurine speci fi c, insensitive to the antagonists of GABA and glycine 
receptors. The metabotropic effects of taurine play a dual function by enhanc-
ing voltage-gated and delayed recti fi er K 

v
  channels and suppressing high 

voltage-activated Ca 2+  channels in retinal neurons.      

  Acknowledgments   This work was supported by research grants to W.S. from NSF (1021646) 
and NIH (EY14161).  

   References 

    Bekkers JM (2000) Properties of voltage-gated potassium currents in nucleated patches from large 
layer 5 cortical pyramidal neurons of the rat. J Physiol 525(Pt 3):593–609  

   Bulley S, Shen W (2010) Reciprocal regulation between taurine and glutamate response via Ca 2+  
-dependent pathways in retinal third-order neurons. J Biomed Sci 17(Suppl I):55  

    Burkhardt DA (1970) Proxamal negative response of frog retina. J Neurophysiol 33:405–420  
   Cunningham RA, Miller RF (1976) Taurine; its selective action on neuronal pathways in the rabbit 

retina. Brain Res 117:341–345  
    DiGiorgio RM, Macainone S, DeLuca G (1977) Subcellular distribution of hypotaurine oxidase 

activity in ox retina. Life Sci 20:1657–1662  
    El Edrissi A, Trenkner E (1999) Growth factors and taurine protect against excitotoxicity by stabi-

lizing calcium homeostasis and energy metabolism. J Neurosci 19:9459–9468  
    Kontro P, Oja SS (1990) Interactions of taurine with GABAB binding sites in mouse brain. 

Neuropharmacology 29:243–247  
    Korngreen A, Sakmann B (2000) Voltage-gated K + channels in layer 5 neocortical pyramidal neu-

rones from young rats: subtypes and gradients. J Physiol 525(Pt 3):621–639  
    Li YP, Lombardini JB (1991) Inhibition by taurine of the phosphorylation of speci fi c synaptosomal 

proteins in the rat cortex: Effects of taurine on the stimulation of calcium uptake in mitochon-
dria and inhibition of phosphoinositide turnover. Brain Res 553:89–96  

    Maple BR, Zhang J, Pang JJ, Gao F, Wu SM (2004) Characterization of displaced bipolar cells in 
the tiger salamander retina. Vision Res 45:697–705  

    Nicoll RA (2004) My close encounter with GABAB receptors. Biochem Pharmacol 68:1667–1674  
    Parnas I, Parnas H (2010) Control of neurotransmitter release: from Ca2+ to voltage-dependent 

G-protein coupled receptors. P fl ugers Arch 460:975–990  
    Smith SS, Li J (1991) GABAB receptor stimulation by baclofen and taurine enhances excitatory 

amino acid induced phosphatidylinositol turnover in neonatal rat cerebellum. Neurosci Lett 
132(1):59–64  



997 Taurine Regulation of Voltage-Gated Channels in Retinal Neurons

    Wang GH, Jiang ZL, Fan XJ, Zhang L, Li X, Ke KF (2007) Neuroprotective effect of taurine 
against focal cerebral ischemia in rats possibly mediated by activation of both GABAA and 
glycine receptors. Neuropharmacology 52(5):1199–1209  

    Wu H, Jin Y, Wei J, Jin H, Sha D, Wu J-Y (2005) Mode of action of taurine as a neuroprotector. 
Brain Res 1038:123–131  

    Wu J-Y, Prentice H (2010) Role of taurine in the central nervous system. J Biomed Sci 
17(Suppl 1):S1  

    Yamori Y, Taguchi T, Hamada A, Kunimasa K, Mori H, Mori M (2010) Taurine in health and 
diseases: consistent evidence from experimental and epidemiological studies. J Biomed Sci 
17(Suppl 1):S6  

    Zhang X, Bertaso F, Yoo JW, Baumgärtel K, Clancy SM, Lee V, Cienfuegos C, Wilmot C, Avis J, 
Hunyh T, Daguia C, Schmedt C, Noebels J, Jegla T (2010) Deletion of the potassium channel 
Kv12.2 causes hippocampal hyperexcitability and epilepsy. Nat Neurosci 13(9): 1056–1058      



101A. El Idrissi and W.J. L’Amoreaux (eds.), Taurine 8, Advances in Experimental 
Medicine and Biology 775, DOI 10.1007/978-1-4614-6130-2_8, 
© Springer Science+Business Media New York 2013

  Abstract   Autism contains a spectrum of behavioral and cognitive disturbances of 
childhood development that is manifested by de fi cits in social interaction, impaired 
communication, repetitive behavior, and/or restricted interest. Much research has 
been dedicated to  fi nding the genes that are responsible for autism, but less than 10% 
of the cases can be attributed to one gene. Autism prevalence has increased in the last 
decade and there may be environmental components that are leading to this increase. 
There are reports of disruption of epigenetic mechanisms controlling the regulation 
of gene expression as probable cause for autism. Folic acid (FA) is prescribed to 
women during pregnancy, and can cause epigenetic changes. GABAergic pathway is 
involved in inhibitory neurotransmission in the central nervous system and plays a 
crucial role during early embryonic development. Autism may entail defect or dereg-
ulation of the GABAergic receptor pathway in the brain. Gamma-aminobutyric acid 
(type A) beta 1 receptor (GABRB1) disruption has been implicated in autism. In the 
present study, we investigated GABRB1 expression in response to FA supplementa-
tion in neuronal cells. Western blot analysis showed GABRB1 protein levels increased 
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in the FA-treated cells in a concentration-dependent manner. FA-dependent increased 
expression of GABRB1 was further con fi rmed at the mRNA level using quantitative 
RT-PCR. These results suggest that epigenetic control of gene expression may affect 
the expression of GABRB1 and disrupt inhibitory synaptic transmission during 
embryonic development.  

  Abbreviations  

  GABRB1    Gamma-aminobutyric acid type A receptor beta 1 subunit   
  GABA 

A 
    Gamma-aminobutyric acid type A receptors   

  FA    Folic acid   
  GAD    Glutamic acid decarboxylase         

    8.1   Introduction 

 Folic acid (FA) supplementation was recommended and mandated by the US Food 
and Drug Administration (FDA) (   MMWR  1992 ; USPSTF  2009  )  to help alleviate the 
higher incidences of neural tube defects (NTDs) that were prevalent in the human 
population. Prior to these guidelines, NTDs were on the rise, and FA supplementation 
of cereals and grains led to over 70% decrease in the incidences of NTDs. 

 The mandate for FA supplementation and forti fi cation was done to ensure that 
pregnant women were receiving enough FA during the crucial  fi rst few weeks of 
pregnancy. It was recognized through experimental and observational studies that 
the FA is necessary for proper neural tube closure and development (Wolff et al. 
 2009  ) . In addition to forti fi cation, the FDA also recommended a daily intake of 
400  m g to 4 mg of FA (dosage depending on the individual risk factor for NTDs) for 
all women of childbearing age or women with a history of a prior child with NTD, 
respectively (USPSTF  2009  ) . These FDA guidelines were instrumental in reducing 
the occurrence of NTDs by more than 70%. Consequently, there have been reports 
of excessive FA use by pregnant women, and there is a lack of substantiated reports 
of the long-term effects of a FA-rich diet. Recent epidemiological reports are point-
ing to excessive FA supplementation with increased incidences of asthma (Bekkers 
et al.  2012  )  and autism (Beard et al.  2011  )  among children. 

 According to a recent study from our laboratory, DNA microarray analysis revealed 
that a signi fi cant number of genes were either up-regulated or down-regulated in 
response to folic acid supplementation (Junaid et al.  2011  ) . One of the prominent 
down-regulated genes was  FMR1 , which has been associated with fragile X mental 
retardation syndrome. In fragile X syndrome, the expansion of CGG trinucleotide 
repeats in the promoter region results in decreased synthesis of  FMR  protein (McLennan 
et al.  2011  ) . In an  fmr1  knockout mouse model, levels of gamma-aminobutyric acid 
(GABA) pathway were shown to be affected (Zhang et al.  2009  ) . The GABA 
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neurotransmitter system, that includes GABA 
A
  and GABA C  classes of ligand-gated 

ion channels, is the major inhibitory system, and responds to the ligand GABA. 
Postsynaptic GABA 

A
  receptors are heteropentamer proteins composed of subunits 

from seven different families ( a 1–6,  b 1–3,  g 1–3,  d ,  e ,  q , and  r 1–3) mostly occurring 
in a 2 a :2 b : g  stoichiometry that  performs a GABA-mediated chloride channel (Olsen 
and Sieghart  2009  ) . The subunit composition of the GABA 

A
  receptor complex deter-

mines many of its functional and pharmacological properties. GABA 
A
  receptor  b 1 

(GABRB1) is a subunit involved in inhibitory affects on neurotransmission. The spa-
tiotemporal patterns of electrical signaling in many brain areas are controlled by the 
inhibitory neurotransmission mediated by GABA and GABA 

A
  receptor complex 

(Huang et al.  2007  ) . 
 In the present study we have investigated the effect of FA supplementation on the 

expression of GABRB1 at the protein and mRNA levels in SY5Y cells. We found 
the GABRB1 gene expression is increased both at the mRNA and protein levels by 
FA in a concentration-dependent manner.  

    8.2   Methods 

    8.2.1   Cell Culture and Treatment 

 Human SH-SY5F neuroblastoma cells were grown in advanced D-MEM/F12 media 
(GIBCO), supplemented with glutamine and antibiotics (penicillin and streptomycin, 
100  m g/ml each), and incubated at 37°C. At 40–50% con fl uency, cells were differenti-
ated by incubating with 20  m M retinoic acid (Sigma), and after 24 h, FA was added at 
concentrations between 0 and 250 ng/ml medium. Following incubation with FA, 
cells were collected after 24 h by centrifugation (800 ×  g  for 5 min), and total RNA 
was prepared immediately by lysing the cells in TRIZOL reagent (Invitrogen Life 
Technologies, Carlsbad, CA) and further puri fi ed using RNeasy kit (Qiagen, Valencia, 
CA) as described earlier (Junaid et al.  2011  ) . Purity of the RNA fractions was evalu-
ated using agarose-formaldehyde gel. All the RNA samples had a 260/280 nm absorp-
tion ratio of 2 or more, and the amount of 28S band was two times greater in area and 
intensity than 18S band as determined by formaldehyde-agarose gel.  

    8.2.2   SDS-PAGE and Western Blot 

 SDS-PAGE and Western blot analysis were done as previously described (   Kuizon 
et al.  2010 ). Brie fl y, the cell pellets were prepared by low-speed centrifugation 
(800 ×  g  for 5 min), followed by solubilization in the 2× reducing sample buffer by 
boiling for 5 min. Proteins were separated on a 10% Tris/HEPES/SDS-polyacrylamide 
gels (Life Gels), and electrotransferred onto Optitran BA-S83 reinforced nitrocellulose 
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membrane (Whatman). The nonspeci fi c sites on the blots were blocked with 5% 
blotto, and incubated with the anti-rabbit GABRB1 antibody (cell signaling) at 
1:1,000 dilution, overnight at 4°C under constant shaking conditions. The membrane 
was washed once with TBST (5 min) and twice with TBS (5 min each), and incu-
bated with secondary anti-rabbit IgG coupled with horse raddish alkaline peroxidase 
(Sigma) for 1 h at room temperature (1:2,000 dilution). The chemiluminescent signal 
was developed by using the SuperSignal West Pico substrate (Thermo Scienti fi c, 
Rockford, IL). Band intensities were captured using a UVP Bioimaging System.  

    8.2.3   Quantitative Reverse Transcriptase Polymerase 
Chain Reaction 

 Puri fi ed RNA samples were converted to cDNA with the RT2 First Strand cDNA syn-
thesis Kit (Qiagen, Valencia, CA) using oligo-dT primer as described by the manufac-
turer. These templates were then added to the ready-to-use RT2 SYBR Green qRT-PCR 
Master Mix (Qiagen, Valencia, CA) in a 96-well plate format. The speci fi c primers 
obtained from Qiagen, Valencia, CA, were used (PPH01886A for GABRB1 as target 
gene, and PPH00150A for GAPDH as the housekeeping gene). RT-PCR was per-
formed in an Eppendorf Realplex Mastercycler. Realplex software collected threshold 
cycle (Ct) values were tabulated for all the genes and triplicate readings were averaged. 
Calculation of the relative fold changes in gene expression for pair-wise comparison 
was done by using the ΔΔCt method. The consistency and accuracy of the experiment 
was evaluated by examination of Ct value for the housekeeping genes.  

    8.2.4   Statistical Analysis 

 Each value was expressed as the mean ± SEM for three independent experiments. 
Differences were considered statistically signi fi cant when the calculated  p  value 
was less than 0.05.   

    8.3   Results 

    8.3.1   Folic Acid Supplementation Increased the Amount 
of Gamma-Aminobutyric Acid Type A Receptors Beta 1 
Subunit Protein 

 In our previous study, we investigated the FA supplementation effects in lymphoblas-
toid cells. This model, however, is not representative of neuronal system. Hence, we 
evaluated the effect of FA supplementation in a neuronal cell model using the 
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SH-SY5Y cell line. Figure  8.1  shows the expression of GABRB1 protein in 
FA-supplemented SH-SY5Y cells. The Western blot showed increased expression of 
the protein in response to increasing FA concentration. GAPDH staining was used as 
a housekeeping control, since expression of this gene did not change in response to 
FA treatment (Junaid et al.  2011  ) . Figure  8.2  shows the relative band intensities of the 
GABRB1 and GAPDH stained spots. There was over 176% increase in GABRB1 
expression as the concentration of FA was increased to 250 ng/ml.    

    8.3.2   Folic Acid Supplementation Increases the Gene Expression 
of GABRß1 in SH-SY5Y Cells 

    Table  8.1  shows the quantitative RT-PCR data of the GABRB1 mRNA expression in 
response to FA supplementation in SH-SY5Y cells. The qRT-PCR experiment was 
performed three independent times. We have used GAPDH and HPRT1 genes as 
housekeeping controls for comparison. The results con fi rmed the GABRB1 protein 
expression data. FA increased the expression of GABRB1 mRNA in a concentration-
dependent manner. We found a signi fi cant increase in the GABRB1 expression both 
at the protein and mRNA levels with FA concentration as little as 15 ng/ml media.  

  Fig. 8.1    Representative Western blot showing expression of GABRB1 as a function of increasing 
FA concentration.  Lower panel  shows GAPDH used as a housekeeping control       

  Fig. 8.2    Relative intensities of GABRB1 and GAPDH proteins in response to FA supplementation       
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 GABA
A
 receptor subunit ß1 protein levels increased in the folic acid-treated 

neuronal cells in comparison to control according to our  t -test there is a signi fi cance 
difference ( p  < 0.05). 

 GABA
A
 receptors subunit ß1 mRNA was up-regulated, and it seems to be folic 

acid dosage dependent in the neuronal cells. The pathway on which folic acid affects 
the expression of the gene is not known, but it warrants investigation. There is a 
possible correlation with  R  2  = 0.76373, an indication that as the folic acid concentration 
increase, the expression of the GABRB1 increases as well.   

    8.4   Discussion 

 There has been an emphasis in the past decade to increase blood levels of synthetic 
FA in women, to prevent a de fi ciency that was resulting in NTDs in newborns. FA 
supplementation represents by far the most successful effort in preventing debilitat-
ing disabilities by simply increasing dietary intake of a water-soluble vitamin. Until 
now, there are almost no reports of any adverse effects of FA supplementation. Only 
recently a few epidemiological studies are pointing to the association of asthma and 
autism with the timing of FA supplementation guidelines. 

 Recently, we have reported widespread change in gene expression in lympho-
blastoid cells, in response to FA supplementation. There is a likelihood that such 
gene expression changes are also experienced by the developing fetus that has been 
in an environment of FA supplementation. There is ample evidence of bene fi cial 
effects of FA in preventing NTDs. However, unregulated excessive FA supplemen-
tation may exert unintended side effects. In the present study, we have found 
increased expression of GABRB1 with increased FA supplementation in a human 
neuroblastoma cell line. Concentration of FA reported in human blood was able to 
cause signi fi cant increases in GABRB1 expression both at protein and mRNA levels 
(Pfeiffer et al.  2004  ) . 

 How increased expression of one of the subunits of the receptor complex affects 
the function of GABA

A
 receptor remains to be determined. Moreover, the effect of 

FA on other GABA
A
 receptor subunits needs to be studied. Increases in expression of 

GABRB1 can result either from direct methylation of the promoter or from a change 

   Table 8.1    A comparative RT-PCR assay was used to quantify the expression of GABA 
A 
 receptor 

beta 1 mRNA for the SH-SY5Y folic acid treated cells 0-250 ng/mL, as well as a positive control 
18snRNA. A signifi cant difference was found between 0ng/mL, 31ng/mL, 125ng/mL, and 250ng/mL   

 FA 
 Gene expression 
ratio trial 1 

 Gene expression 
ratio trial 2 

 Gene expression 
ratio trial 3  Average  STD Dev   t -test 

 0   1.1   1.0   1.0   1 
 15 ng   1.8   5.3   1.3   2.8  1.68  0.52 
 31 ng   4.1   4.1   1.7   3.3  1.65  0.047 
 63 ng   2.2   4.0   0.4   2.2  1.30  0.324 
 125 ng   6  11  19.7  12.23  7.54  0.048 
 250 ng  18.4  12  17  15.8  3.36  0.001 
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in expression of another gene which may indirectly control the expression. There are 
no reports in the literature that the GABRB1 promoter undergoes methylation. 

 Recent epidemiological reports (Figs.  8.3  and  8.4 ) are suggesting an increased 
incidence of autism with the mandate to increase FA supplementation (Beard et al. 
 2011  ) . While this could be mere coincidence, if proved true, the occurrence of 
autism may be reduced by regulating the intake of FA to harness the bene fi cial 
effects without reaching concentrations that begin to exert unintended changes.   

 In summary, this study has provided preliminary evidence that FA supplementa-
tion of the SH-SY5Y neuroblastoma cells resulted in up-regulation of the gene and 
the gene product of gamma-aminobutyric acid type A receptor beta 1 subunit. 
Further investigation is necessary to determine how FA-induced GABRB1 changes 
affect the neuronal cell function and development, and how this could be leading to 
a mechanism that may be causing the pathogenesis of autism. 

 In our research we observed an increase in gamma-aminobutyric acid type A 
beta 1 receptor subunit protein (Fig.  8.1 ). There was also an increase in the mRNA 
as measured by qRT-PCR in Fig.  8.3  with signi fi cance difference  p  < 0.05. There is 
a positive correlation of  R  2  = 0.76373 with a linear regression formula that is indicative 
of a dosage-dependent response that was observed in our experiment. 

 As the number of receptors increases the sensitivity to GABA increases; therefore 
the cell is more likely to become inhibited, and less excitatory. Alteration in 
GABAergic receptors has long been suspected to be responsible for the pathogen-
esis of autism (Fatemi et al.  2010  ) . Gamma-aminobutyric acid type A beta 1 receptor 
subunit gene has also been implicated with alcoholism, another illness that has been 
on the rise amount women in the past decade.  

    8.5   Conclusion 

 In summary, this study shows that supplementation folic acid in the medium of the 
SH-SY5Y cells resulted in up-regulation of the gene and the gene product of 
gamma-aminobutyric acid type A receptor beta 1 subunit. Further investigation is 

  Fig. 8.3    Demonstrating the average values from three qRT-PCRs of the target gene, gamma-
aminobutyric acid (type A) beta 1 receptor subunit and the  R  2  shows an obvious trend of increased 
expression with concentration  y  = 2.8914 × −3.8978;  R  2  = 0.76373       
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needed to determine how folic acid induces change on the cells, and how this could 
be leading to an alteration of the GABA 

A 
 receptors subunit, a physiological change 

that has been observed as one of the mechanism that may be causing the pathogenesis 
of autism.      
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  Fig. 8.4    Depicts the trend of neural tube defect decreasing, at the same time the prevalence of 
autism was increasing       
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  Abstract   Neurogenesis has been generally accepted to happen in the subventricular 
zone lining the lateral ventricle and subgranular zone (SGZ) in the hippocampus of 
adult mammalian brain. Recent studies have reported that in fl ammatory stimuli, 
such as injection of lipopolysaccharide (LPS), impair neurogenesis in the SGZ. 
Taurine, a sulfur-containing  b -amino acid, is a major free intracellular amino acid 
in many tissues of mammals and having various supplementary effects on the 
mammalian body functions including the brain. Recently, it has been also reported 
that taurine levels in the brain signi fi cantly increase under stressful conditions. The 
present study was aimed to evaluate the possible bene fi cial effects of taurine on the 
neurogenesis in the SGZ under the condition of acute in fl ammatory stimuli by 
LPS. Adult male rats were intraperitoneally injected with taurine once a day for 
39 days. Twenty-four hours before the animals were sacri fi ced on the last day of 
taurine treatment, LPS was injected simultaneously with bromodeoxyuridine 
(BrdU). Immunohistochemistry for BrdU, Ki67, and Iba-1 in the brain was performed, 
and serum levels of TNF- a  and IL-1 b  2 h after LPS injection were determined. 
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The results showed that LPS signi fi cantly decreased the number of immunoreactive 
cells for both BrdU and Ki67 in the SGZ, while increased that for Iba-1, all of 
which were restored by taurine administration. Meanwhile, the serum concentra-
tions of TNF- a  and IL-1 b  were signi fi cantly increased, which were signi fi cantly 
attenuated by taurine administration. These results suggest that taurine effectively 
maintains neurogenesis in the SGZ under the acute infectious condition by attenu-
ating the increase of microgliosis in the hippocampus as well as proin fl ammatory 
cytokines in the peripheral circulation.  

  Abbreviations  

  CNS    Central nervous system   
  SGZ    Subgranular zone   
  LPS    Lipopolysaccharide   
  BrdU    Bromodeoxyuridine   
  BBB    Blood–brain barrier   
  SVZ    Subventricular zone   
  DG    Dentate gyrus   
  TNF- a     Tumor necrosis factor- a    
  IL-1 b     Interleukin-1 b          

    9.1   Introduction 

 Neurogenesis, which is a process of generating functionally integrated neurons 
from progenitor cells, was traditionally believed to occur only during embryonic 
stages in the mammalian central nervous system (CNS) (Ramon y Cajal  1913  ) . 
Recently it has become generally accepted that new neurons were indeed added in 
discrete regions of the adult mammalian CNS (Gross  2000 ; Kempermann and 
Gage  1999 ; Lie et al.  2004  ) . In the adult mammalian brains, neural progenitor 
cells are located in speci fi c sites within the brain including the subventricular 
zone (SVZ) of the lateral ventricle and in the subgranular zone (SGZ) of the den-
tate gyrus (DG) in the hippocampus and generate thousands of new neurons each 
day. Neurogenesis out of these two regions appears to be extremely limited, or 
nonexistent, in the intact adult mammalian CNS. The role of neurogenesis for 
brain function is still unclear, but some experimental evidence suggests its involve-
ment in memory formation and mood regulation (Shors et al.  2001  ) . Recent stud-
ies have reported that exposure to acute or chronic stressors during prenatal period 
(Lemaire et al.  2006 ; Mandyam et al.  2008  )  or in adulthood (Ekdahl et al.  2003  )  
suppressed both cell proliferation and cell survival in the hippocampus of adult 
male rat. As a kind of acute stressor, in fl ammation has been shown to impair neu-
rogenesis in the SGZ. Ekdahl et al. delivered lipopolysaccharide (LPS) into the 
cortex of young adult rats continuously by an osmotic mini pump, which reduced 
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the number of newborn neurons to 85% (Ekdahl et al.  2003  ) . It has also been 
reported that LPS could acutely inhibit proliferation of neural precursor cells in 
the DG in adult rats (Fujioka and Akema  2010  ) . 

 Taurine, a sulfur-containing  b -amino acid is the major free intracellular amino 
acid presenting in many tissues of human and other mammals. There are a lot of 
evidence that taurine exerts physiological and pharmacological functions, such as 
maintaining structure and function normally of the hematological system, immune 
system, reproductive system, visual system, cardiovascular system, and nervous 
system. Taurine demonstrates multiple cellular functions including the roles in the 
CNS as a neurotransmitter and as a trophic factor in CNS development. In addi-
tion, taurine maintains the structural integrity of the membrane and regulates cal-
cium transport and homeostasis, acting as an osmolyte, neuromodulator, 
neurotransmitter, and neuroprotector against  l -glutamate induced-neurotoxicity 
(Wu and Prentice  2010  ) . Clinical and electroencephalographic observations and 
psychological tests have revealed the bene fi cial effects of taurine on various neu-
ronal functions (Montanini and Gasco  1974  ) . In addition, El Idrissi  (  2008  )  has 
reported that taurine could improve learning and retention in aged mice possibly 
through alternations of the GABAergic system, suggesting that taurine may play a 
vital role in the CNS. Recently, moreover, it was reported that taurine levels in the 
brain signi fi cantly increase under stressful conditions (Wu et al.  1998  ) . The present 
study was aimed to clarify whether LPS may acutely depress neurogenesis in the 
DG of hippocampus and the effects of taurine on the decrease of neurogenesis 
induced by LPS.  

    9.2   Materials and Methods 

    9.2.1   Animals 

 Twenty-four male Wistar-Imamichi rats were obtained from Imamichi Institute for 
Animal Reproduction (Tsuchiura, Japan). The animals were group housed and 
given 1 week to acclimate to vivarium conditions before the start of the experiment. 
They were kept under controlled illumination (lights on, 500–1,900 h) and 
temperature and given food and water ad libitum. The experiments were conducted 
according to the Guidelines for the Care and Use of Laboratory Animals, Graduate 
School of Agriculture and Life Sciences, the University of Tokyo.  

    9.2.2   Experimental Procedure 

 LPS (055:B5) and 5-bromo-2-deoxyuridine (BrdU) were purchased from Sigma-
Aldrich (St. Louis, Mo) and dissolved in saline and phosphate-buffered saline 
(PBS), respectively. From day 1 to day 39, the animals were intraperitoneally 
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injected with taurine (200 mg/kg; Sigma-Aldrich;  n  = 12) or saline ( n  = 12) every 
day. Internal jugular vein cannulation was performed on all the animals on the day 
33 or 34. After recovery of 1 week, all the animals were treated with a single 
injection of BrdU (200 mg/kg). LPS (1 mg/kg) or the same volume of saline was 
injected simultaneously with the BrdU injection. Blood samples were collected 
via inserted cannula 2 h after LPS injection for tumor necrosis factor- a  (TNF- a ) 
and interleukin-1 b  (IL-1 b ) detection. All rats were sacri fi ced 24 h after LPS injec-
tion and brains were collected for BrdU, Ki67, and Iba-1 immunohistochemical 
examination.  

    9.2.3   Immunohistochemistry for BrdU, Ki67, and Iba-1 

 Immunohistochemistry of BrdU, Ki67, and Iba-1 was performed in every six sec-
tions (30  m m) through the whole hippocampus. The primary antibodies employed 
were sheep anti-BrdU (1:300; Exalpha Biologicals, Shirley, MA), rabbit anti-Iba-1 
(1:500; Wako, Osaka), and mouse anti-Ki67 (1:25, Dako, Carpinteria, CA). Brie fl y, 
the slices mounted on slides were incubated in primary antibody solution overnight 
at 4 °C, following intervening rinses with 0.03% Triton-X PBS, incubated with sec-
ondary antibodies, donkey anti-sheep Alexa 488 and donkey anti-rabbit Alexa 568, 
both from Molecular Probes (Eugene, OR), and HRP-conjugated goat anti-rat 
(Simple Stain, Nichirei Bioscience, Tokyo, Japan), the later followed by the com-
mon signal ampli fi cation method using DAB, peroxide, and NiCl. Positive cells 
located in the SGZ were counted bilaterally through the DG.  

    9.2.4   Cytokines Assay 

 The serum concentrations of TNF- a  and IL-1 b  were measured with ELISA Kit 
(GE Healthcare, Buckinghamshire, UK). The samples were tested in duplicate. 
According to the manufacturer, the ELISA was highly speci fi c for TNF- a  and 
IL-1 b , with a detection limit of 15 pg/ml for TNF- a  and 12 pg/ml for IL-1 b . ELISA 
was performed according to the manufacturer’s instructions. Final results were 
expressed as picograms per milliliter.  

    9.2.5   Statistical Analysis 

 Values are mean ± SE. Comparisons were performed by using one-way analysis of 
variance (ANOVA), followed by Tukey’s post hoc test. Differences were considered 
signi fi cant at  P  < 0.05.   
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    9.3   Results 

    9.3.1   Taurine Counteracted the Effects of LPS on the Numbers 
of BrdU-, Ki67-, and Iba-1-Positive Cells in the SGZ 

 Injection of LPS signi fi cantly reduced the number of immunoreactive (ir) cells for 
both BrdU and Ki67 in the SGZ compared with the control group ( P  < 0.05). 
Pretreatment with taurine counteracted this suppressive effect of LPS on the number 
of BrdU-ir cells partially and that of Ki67-ir cells almost completely, while taurine 
per se did not affect these numbers in rats without LPS injection (Fig.  9.1 ). On the 
other hand, LPS injection signi fi cantly increased the number of Iba-1-ir cells in the 
SGZ, which was restored by taurine pretreatment. The number of Iba-1-ir cells in 
animals treated with taurine was comparable with that of the control animals. These 
results indicate that LPS decreases the neurogenesis and increases the microgliosis 
in the SGZ, which can be restored by taurine pretreatment (Fig.  9.1 ).   

    9.3.2   Taurine Restored the Effect of LPS on the Concentrations 
of TNF- a  and IL-1 b  in the Serum 

 The serum concentrations of TNF- a  and IL-1 b  were signi fi cantly increased after 
LPS injection ( P  < 0.05), but taurine pretreatment inhibited the increase in the con-
centration of IL-1 b  almost completely and that of TNF- a  at least partially (Fig.  9.2 ). 
These results suggest that taurine reduces the peripheral in fl ammatory responses 
induced by LPS.    

    9.4   Discussion 

 Adult neurogenesis in the DG of the hippocampus undergoes  fi ve development stages 
including proliferation, differentiation, migration, axon or dendrite targeting, and syn-
aptic integration. In the proliferation process, newborn neurons are located within the 
SGZ in the DG, followed by project through the granular cell layer and short tangen-
tial processes that extent along the border of the granule cell layer and hilus, the pro-
cess of which would happen within 25 h. BrdU is incorporated into newly synthesized 
DNA at S-phase of cell division and can be detected even after that phase. On the other 
hand, Ki67, a nuclear protein, is expressed in the cells just undergoing S-phase (9.5 h) 
at the moment of sampling. In the present study, taurine restored the number of 
BrdU-ir cells after LPS injection signi fi cantly but not completely while it maintained 
the number of Ki67-ir cells at the control level, suggesting that LPS has negative 
effects not only on the S-phase in the proliferation period and that taurine can suppress 
the in fl uence of LPS completely in the S-phase but not in the other phases. 
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 The main cell type in the CNS that is responsible for immunity is microglia, 
which is the main source of in fl ammatory cytokines and in which Iba-1 a calcium-
binding protein is restrictedly expressed. It was reported that 24 h after the injection 
of LPS (1 mg/kg), Iba-1 immunoactivity was remarkably increased in all the regions 

  Fig. 9.1    The effect of taurine on LPS-induced changes in the number of BrdU-ir, Ki67-ir, and 
Iba-1-ir cells. LPS was injected 24 h before sacri fi ce at the same time of BrdU injection. The sec-
tions were cut 30  m m thick, cells located in the SGZ were counted bilaterally through the DG under 
 fl uorescence microscope or light microscope in every six sections, and the mean value was calcu-
lated. Each column and vertical bar represents the mean ± SEM. Values with different letters are 
signi fi cantly different ( P  < 0.05, ANOVA followed by the Tukey’s post hoc test)       
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of the hippocampus of mice (Banks et al.  1995  ) . Monje et al.  (  2003  )  also found that 
LPS given systemically caused an increase in microglia activation and a decrease in 
neurogenesis. The results of the present study are well consistent with those of these 
previous studies, suggesting that in fl ammatory signals are propagated across the 
blood–brain barrier (BBB) to the CNS. On the other hand, taurine administration 
effectively decreased the number of Iba-1-positive cells, indicating that taurine 
could play an anti-in fl ammatory role in the CNS. 

 The anti-in fl ammatory effects of taurine have been reported by Sun et al.  (  2012  ) . 
We also have previously demonstrated that taurine could act an anti-in fl ammatory 
role in alcoholic liver disease in rats, via reversing the elevation of IL-2, IL-6, and 
TNF- a  in the serum caused by alcohol (Wu et al.  2009  ) . In fl ammation is an active 
process with the purpose of removing or inactivating potentially damaging agents 
and tightly regulates neurogenesis in the SGZ. LPS, a gram-negative bacterial cell 
surface proteoglycan, is known as a bacterial endotoxin. LPS has been used for a 
model of the systemic in fl ammatory response induced by infections. There are 
contradictory reports about whether LPS induces the disruption of the BBB or not. 
It was reported that LPS damaged the BBB and made it relatively porous (Gailard 
et al.  2001 ; Gailard et al.  2003 ; Xaio et al.  2001  ) , while it has also been reported 
that 1 mg/kg LPS did not rupture the BBB directly because of low dosages (Chung 
et al.  2010  ) . However, systematic administration of LPS could induce the increase 
of serum cytokines, and it has now become clear that some cytokines such as 
IL-1 a , IL-1 b , and TNF- a  can directly and rapidly cross the BBB by saturable trans-
port systems to induce in fl ammation and injury in the CNS (Banks et al.  1995  ) . 

  Fig. 9.2    The effect of taurine on LPS-induced increases in the serum levels of IL-1 b  and TNF- a . 
LPS was injected 24 h before sacri fi ce at the same time of BrdU injection. Serum samples were 
collected 2 h after LPS injection. Each column and vertical bar represents the mean ± SEM. 
Values with different letters are signi fi cantly different ( P  < 0.05, ANOVA followed by the 
Tukey’s post hoc test)       
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In the CNS, cytokines from peripheral tissue stimulate microglia to produce more 
cytokines that act in autocrine or paracrine manner. It has been reported    that periph-
erally injected LPS could cause signi fi cant changes of blood cytokines within 5 h 
(Kim et al.  2007  ) , and the maximum change of TNF- a  and IL-1 b  was found to be 
at 1 h and 3 h after LPS injection, respectively (Kuboyama et al.  2007  ) . In the pres-
ent study, therefore, blood samples were collected 2 h after LPS injection, and 
inhibition of the LPS-induced increase of TNF- a  and IL-1 b  by taurine pretreatment 
was observed, indicating that taurine can play an anti-in fl ammatory role in the 
LPS-induced in fl ammatory processes as well as that caused by alcohol. As taurine 
can be transported into the CNS through BBB, this anti-in fl ammatory role of taurine 
can be played both in peripheral and central tissues.  

    9.5   Conclusion 

 Taurine may counteract the LPS-induced decrease in neurogenesis in the DG of the 
hippocampus through the suppression of in fl ammatory responses in the brain as 
well as in the peripheral tissue.      
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  Abstract   Perinatal taurine excess or de fi ciency in fl uences adult health and disease, 
especially relative to the autonomic nervous system. This study tests the hypothesis 
that perinatal taurine exposure in fl uences adult autonomic nervous system control 
of arterial pressure in response to acute electrical tooth pulp stimulation. Female 
Sprague–Dawley rats were fed with normal rat chow with 3%  b -alanine (taurine 
depletion, TD), 3% taurine (taurine supplementation, TS), or water alone (control, 
C) from conception to weaning. Their male offspring were fed with normal rat 
chow and tap water throughout the experiment. At 8–10 weeks of age, blood chem-
istry, arterial pressure, heart rate, and renal sympathetic nerve activity were mea-
sured in anesthetized rats. Age, body weight, mean arterial pressure, heart rate, 
plasma electrolytes, blood urea nitrogen, plasma creatinine, and plasma cortisol 
were not signi fi cantly different among the three groups. Before tooth pulp stimulation, 
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low- (0.3–0.5 Hz) and high-frequency (0.5–4.0 Hz) power spectral densities of 
arterial pressure were not signi fi cantly different among groups while the power 
spectral densities of renal sympathetic nerve activity were signi fi cantly decreased 
in TD compared to control rats. Tooth pulp stimulation did not change arterial 
pressure, heart rate, renal sympathetic nerve, and arterial pressure power spectral 
densities in the 0.3–4.0 Hz spectrum or renal sympathetic nerve  fi ring rate in any 
group. In contrast, perinatal taurine imbalance disturbed very-low-frequency power 
spectral densities of both arterial pressure and renal sympathetic nerve activity 
(below 0.1 Hz), both before and after the tooth pulp stimulation. The power densi-
ties of TS were most sensitive to ganglionic blockade and central adrenergic inhi-
bition, while those of TD were sensitive to both central and peripheral adrenergic 
inhibition. The present data indicate that perinatal taurine imbalance can lead to 
aberrant autonomic nervous system responses in adult male rats.  

  Abbreviations  

  AP    Arterial pressure   
  C    Control   
  ETPS    Electrical tooth pulp stimulation   
  HR    Heart rate   
  HF    High frequency   
  LF    Low frequency   
  MAP    Mean arterial pressure   
  RA    Renal sympathetic nerve activity   
  SD    Sprague–Dawley   
  TD    Taurine depletion   
  TS    Taurine supplementation         

    10.1   Introduction 

 The perinatal environment can greatly in fl uence adult health and disease. Perinatal 
programming can occur at any time from conception to weaning (i.e., from preg-
nancy through lactation), and perinatal life encompasses most of the critical periods 
during which such programming occurs, e.g., embryogenesis, placental develop-
ment, organogenesis, prepartum maturation of the fetus, and sucking period or lac-
tation (Zhang et al.  2011  ) . Since different organs develop at different rates, timing 
is important in specifying the organs affected by this programming. Nutritional 
environment in utero and early life has been widely studied. Maternal undernutri-
tion produces low birth weight and has long-term effects on the offspring (Godfrey 
and Barker  2001  ) . Adult abnormalities from undernutrition include physiological 
changes and other diseases, especially coronary heart disease, hypertension, diabe-
tes, impaired glucose tolerance, and renal dysfunction. Some of these changes can 
be permanent and can transfer to the next generation (primarily via epigenetic 
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mechanisms). In addition, maternal overnutrition causes developmental adaptation 
and can have long-term effects in adult life (Hanson and Gluckman  2008  ) . 

 Previous studies suggest that neonatal taurine may program the adult nervous 
system, particularly the central regulators of the autonomic nervous system. For 
example, neonatal administration of taurine modi fi es the hippocampal function and 
can affect learning and memory in later life (Franconi et al.  2004 ; Suge et al.  2007  ) . 
Perinatal taurine depletion impairs autonomic nervous system regulation of arterial 
pressure in adult rat offspring (Roysommuti et al.  2009a    ) . In such animals, the sym-
pathetic nervous system can be markedly overactive in response to a high sugar diet 
(Roysommuti et al.  2009a ; Thaeomor et al.  2010  ) . Baroreceptor re fl ex function also 
decreases in these animals, and this perinatal programming by taurine can lead to 
other cardiovascular dysfunctions in the adult life, e.g., hypertension and diabetes 
mellitus (Aerts and Van Assche  2002  ) . 

 Peripheral autonomic nerve activity is closely regulated by the central autonomic 
nervous system and can be modulated by external and internal factors via sensory input 
pathways, e.g., baroreceptors, chemoreceptors, proprioceptors, and nociceptors. The 
sympathetic nerves differentially supply various organs that have unique functions. In 
the kidney, peripheral sensory activation may differentially affect sympathetic nerve 
 fi bers that supply a speci fi c part of the kidneys (DiBona  2005a  ) . This can occur despite 
a similar response of whole sympathetic nerve stimulation of the organ. Analysis by 
nerve recording and power spectral density analysis of integrated sympathetic nerve 
activity can assist in dissecting the underlying mechanisms of these effects. 

 Dental pulp pain or toothache is known to induce cardiovascular re fl ex responses 
(Sousa and Lindsey  2009  ) . Increases in arterial pressure and heart rate caused by 
dental pain possibly lead to clinical complications, particularly in subjects prone to 
develop cardiovascular diseases (Brotman et al.  2007 ; Montebugnoli et al.  2004  ) . 
Electrical tooth pulp stimulation can stimulate either sympathetic or parasympa-
thetic nerve activity. Like most pain conveyed by trigeminal nerves, dental pain 
primarily activates parasympathetic rather than sympathetic vasodilator nerve 
activity to orofacial vessels (Drummond  1995  ) . Thus, orofacial vasodilation is com-
monly observed during facial or dental surgery. In addition, orofacial pain may 
induce vasoconstriction in the nose and  fi nger skin, probably via sympathetic nerve 
activation (Kemppainen et al.  2001  ) . Taurine can reduce pain (Renno et al.  2008 ; 
Terada et al.  2011  ) , but it is still unclear whether it has any physiological function 
in dental pain responses and what the underlying mechanisms are. This study tests 
the hypothesis that perinatal taurine exposure in fl uences adult autonomic nervous 
system control in response to acute electrical tooth pulp stimulation.  

    10.2   Methods 

    10.2.1   Animal Preparation and Treatment 

 Sprague–Dawley (SD) rats were obtained from the animal unit of Faculty of 
Medicine, Khon Kaen University, and maintained at constant humidity (60 ± 5%), 
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temperature (24 ± 1°C), and light cycle (06.00–18.00 h). Female SD rats were fed 
with normal rat chow and water ad libitum from conception to weaning. They were 
divided into three groups by being fed with tap water alone for control (C), 3% 
 b -alanine in tap water for taurine depletion (TD), or 3% taurine in tap water for 
taurine supplementation (TS). After weaning, all male offspring were fed with nor-
mal rat chow and tap water alone throughout the experiment. All rats were studied 
at 8–10 weeks of age. 

 The experimental protocol was approved by the Animal Ethics Committee of 
Khon Kaen University (Khon Kaen, Thailand), based on the Ethics of Animal 
Experimentation of National Research Council of Thailand (Record No. AEKKU 
21/2553). The study was conducted in accordance with the US National Institutes 
of Health Guidelines.  

    10.2.2   Experimental Protocol 

 At 8–10 weeks of age, rats were anesthetized by thiopental (50 mg/kg body weight, 
i.p.), and were tracheostomized, and their femoral artery and vein were inserted 
with polyethylene tube (PE-50 fused to PE-10), respectively. The arterial catheter 
was connected to a pressure transducer for continuous recording of arterial pressure 
pulse (BioPac Systems, Goleta, California, USA), and the venous one was con-
nected to an infusion pump for  fl uid and drug injection. After 20–30 min recovery, 
a blood sample (1.0 ml) was drawn from the arterial catheter and the blood loss was 
replaced with an equal volume of saline. After laparotomy and inserting a stainless 
steel electrode (12 M W , 0.01 Taper, A-M System, Sequim, Washington, USA), renal 
sympathetic nerve activity was continuously recorded by connecting the electrode 
to DAM-80 ampli fi er (World Precision Instruments, Sarasota, Florida, USA) and 
BioPac Systems, respectively. Multiunit recording of renal nerve activity was con-
ducted only on nerve units that responded to changes in arterial pressure following 
sodium nitroprusside infusion. 

 Body temperature was servo control at 37 ± 0.5°C by a rectal probe connected 
to a temperature regulator controlling an overhead heating lamp. After 20–30 min 
recovery, the responses of arterial pressure, heart rate, and renal nerve activity 
to tooth pulp stimulation at different voltages and frequencies were performed 
before and after adrenergic blockades. The blockades were ordered from hex-
amethonium (a ganglionic blocker, 10 mg/kg, i.v.), clonidine (a central  a  

2
 -

adrenergic receptor agonist, 5  m g/kg, i.v.), and prazosin (a peripheral 
 a  

1
 -adrenergic receptor antagonist, 5  m g/kg, i.v.), respectively. Full recovery 

periods were allowed between blockades. These doses of drugs were reported to 
completely block the sympathetic nerve activity in rats (Mozaffari et al.  1996 ). 
At the end of experiment, all animals were terminated by a high dose of thiopen-
tal anesthesia.  
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    10.2.3   Electrical Tooth Pulp Stimulation 

 Left lower incisor of the rat was separated using a rubber dam sheet. Then a custom-
made silver electrode  fi lmed with electrode gel was placed on the left lower incisor 
(as a surface electrode) and a ground lead was attached to the left cheek. Before 
stimulation, resting period was provided to get a steady state of arterial pressure and 
renal sympathetic nerve activity. The electrical stimulation was applied to the tooth 
pulp via the surface electrode connected to a current isolator controlled by a Grass 
stimulator (Grass Technologies, West Warwick, Road Island, USA) at 2 ms pulse 
duration and 5 s delay. The current strength (0.1–1.5 mA) was adjusted by step-in-
creasing voltage of 10, 20, and 30 V, respectively. At each voltage, the stimulating 
frequencies were set to 1, 5, 10, 20, and 40 Hz, respectively. Each test was set to 
1 min electrical stimulation and 2 min resting.  

    10.2.4   Data Analyses 

 All recoded data were analyzed by Acknowledge software version 3.9.1 (BioPac 
Systems, Goleta, California, USA). The percent power spectral densities of low 
frequency (0.3–0.5 Hz, LF) or high frequency (0.5–4.0 Hz, HF) to the total power 
of LF and HF indicate sympathetic and parasympathetic nerve activity, respec-
tively (Roysommuti et al.  2009a ; Thaeomor et al.  2010  ) . The patterns of the power 
spectral densities of renal sympathetic nerve activity and arterial pressure were 
analyzed individually by using fast Fourier transformation analysis. For each study, 
the graph of power spectrum was averaged from three to ten rats by using 
Acknowledge software. 

 Plasma electrolytes (sodium, potassium, chloride, and bicarbonate), blood urea 
nitrogen, plasma creatinine, and plasma cortisol levels were analyzed by the 
Srinagarind Hospital Laboratory Unit (Faculty of Medicine, Khon Kaen University, 
Khon Kaen, Thailand). Hematocrit was determined by a standard technique and 
blood sugar by standard glucostrips and a glucometer (Accu-Chek Advantage II, 
Roche, Indianapolis, Indiana, USA).  

    10.2.5   Statistical Analyses 

 All data are expressed as mean ± SEM. Statistical comparisons among groups were 
tested by using one-way ANOVA and a post hoc Duncan’s multiple range test. 
Student’s paired  t -test was used to compare values within a group. Signi fi cant crite-
ria were  p -value of less than 0.05.   
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    10.3   Results 

    10.3.1   General Baseline Data 

 Compared to control treatment, perinatal taurine depletion or supplementation did 
not alter body weight, blood urea nitrogen, plasma creatinine, plasma electrolytes, 
hematocrit, blood sugar, plasma cortisol, mean arterial pressure, heart rate, low- and 
high-frequency power spectral densities of arterial pressure, and renal sympathetic 
nerve  fi ring rate in adult animals (Table  10.1 ). Electrical tooth pulp stimulation at 
different voltages and frequencies had minimal effects on arterial pressure and heart 
rate in the present study (data not shown). These responses were well preserved in 
all groups after any adrenergic blockade. In all groups, mean arterial pressures 
signi fi cantly decreased nearly equally after adrenergic drug administration, and the 
values remained low during tooth pulp stimulation.   

    10.3.2   Power Spectral Density of Arterial Pressure 

 Perinatal taurine depletion or supplementation did not affect baseline sympathetic 
and parasympathetic control of arterial pressure, as indicated by the similar low- 
and high-frequency power spectral densities of arterial pressure in experimental 
compared to control rats (Table  10.2 ). Ganglionic blockade by hexamethonium, 
central  a  

2
 -adrenergic stimulation by clonidine, and peripheral  a  

1
 -adrenergic 

 blockade by prazosin each signi fi cantly decreased the sympathetic component of 

   Table 10.1    Basic parameters of the rats in all experimental groups   

 Parameters  C  TD  TS 

  n   10  10  9 
 Age (weeks)  9.2 ± 0.3  9.2 ± 0.2  9.1 ± 0.2 
 Body weight (g)  284 ± 4  284.1 ± 11  277 ± 8 
 Blood urea nitrogen (mg/dl)  26.31 ± 0.94  22.99 ± 0.80  26.65 ± 2.49 
 Creatinine (mg/dl)  0.22 ± 0.01  0.20 ± 0.02  0.23 ± 0.02 
 Sodium (mEq/l)  142.80 ± 1.43  141.00 ± 0.50  142.50 ± 1.40 
 Potassium (mEq/l)  4.22 ± 0.23  3.87 ± 0.11  4.15 ± 0.23 
 Bicarbonate (mEq/l)  23.56 ± 0.38  22.84 ± 0.89  21.56 ± 0.37 
 Chloride (mEq/l)  103.90 ± 1.21  105.11 ± 0.77  105.88 ± 1.63 
 Hematocrit (%)  47.10 ± 0.46  46.90 ± 0.60  46.44 ± 0.93 
 Blood sugar (mg/dl)  107.80 ± 3.43  106.11 ± 3.37  95.22 ± 6.18 
 Plasma cortisol ( m g/dl)  1.71 ± 0.19  2.04 ± 0.22  1.94 ± 0.18 
 MAP (mm Hg)  104 ± 8  103 ± 6  108 ± 6 
 HR (bpm)  369 ± 14  377 ± 9  377 ± 19 
 RA (spikes/s)  52.73 ± 8.11  55.87 ± 6.06  58.48 ± 10.38 

  Values are mean ± SEM. All parameters were not signi fi cantly different among groups.  C  control 
group,  TD  taurine-depleted group,  TS  taurine-supplemented group,  MAP  mean arterial pressure,  HR  
heart rate,  RA  renal sympathetic nerve activity  
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low-frequency power densities to a similar extent, i.e., no signi fi cant differences 
between groups. In contrast, parasympathetic nerve activity was signi fi cantly 
increased by these treatments, as indicated by increases in high-frequency power 
densities of the three groups.  

 Tooth pulp stimulation at different voltages and frequencies increased low-fre-
quency (0.3–0.5 Hz) power spectral densities of arterial pressure similarly in all the 
three groups and high-frequency (0.5–4.0 Hz) power spectral densities were mini-
mally affected (data not shown). The optimal strength of repetitive stimulation was 
20 V at 20 Hz. The tooth pulp stimulation also increased power densities of very-
low-frequency component (below 0.1 Hz, Fig.  10.1 ); however, the adrenergic-
dependent patterns of very-low-frequency spectral densities differ from those 
observed in 0.3–4.0 Hz spectral densities (Fig.  10.2 ). Although acute hexametho-
nium infusion decreased these densities in the three groups, their frequency patterns 
were still preserved. Clonidine infusion decreased the very-low-frequency power 
spectral densities during tooth pulp stimulation much more in TD than in control 
and TS groups. In addition, prazosin markedly decreased these very-low-frequency 
densities only in TD during tooth pulp stimulation.    

    10.3.3   Power Spectral Density of Renal Sympathetic 
Nerve Activity 

 Despite similar renal sympathetic nerve activity (Table  10.1 ), perinatal taurine 
depletion (but not supplementation) signi fi cantly decreased low- and increased 
high-frequency power spectral densities of integrated renal nerve amplitudes when 

   Table 10.2    Power spectral density of arterial pressure before (baseline) and after drug 
administration   

 Parameters  C  TD  TS 

 Baseline 

 LF/(LF + HF) (%)  2.6 ± 0.6  4.2 ± 1.3  2.7 ± 0.7 
 HF/(LF + HF) (%)  97.4 ± 0.6  95.8 ± 1.3  97.3 ± 0.7 

 Hexamethonium 

 LF/(LF + HF) (%)  0.4 ± 0.1*  0.2 ± 0.1*  0.1 ± 0.0* 
 HF/(LF + HF) (%)  99.6 ± 0.1**  99.8 ± 0.1**  99.9 ± 0.0** 

 Clonidine 

 LF/(LF + HF) (%)  0.2 ± 0.0*  0.4 ± 0.2*  0.2 ± 0.0* 
 HF/(LF + HF) (%)  99.8 ± 0.0**  99.6 ± 0.2**  99.8 ± 0.0** 

 Prazosin 

 LF/(LF + HF) (%)  0.3 ± 0.1*  0.5 ± 0.2*  0.3 ± 0.1* 
 HF/(LF + HF) (%)  99.7 ± 0.1**  99.5 ± 0.2**  99.7 ± 0.1** 

  Values are mean ± SEM.  C  control group,  TD  taurine-depleted group,  TS  taurine-supplemented 
group,  LF  low frequency (0.3–0.5 Hz);  HF  high frequency (0.5–4.0 Hz); *, **  P  < 0.05 compared 
to LF and HF baselines of same groups, respectively  
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in control (C), taurine-depleted (TD), and taurine-supplemented (TS) groups. Each graph is 
averaged from nine to ten rats.  AP  arterial pressure,  ETPS  electrical tooth pulp stimulation       
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compared to responses in control fed rats (Table  10.3 ). Unlike arterial pressure 
power spectrum, renal nerve activity spectral densities at frequencies of 0.3–4.0 Hz 
were not altered by central and peripheral adrenergic blockade; however, perinatal 
taurine imbalance (especially depletion) markedly depressed very-low-frequency 
power densities of renal nerve activity (below 0.1 Hz) when compared to control 
rats (Fig.  10.3  left).  

 In the present study, tooth pulp stimulation at different voltages and frequencies 
had minimal effect on renal sympathetic nerve  fi ring rates (increased by ~5% in all 
groups; data not shown). In addition, these responses were not modi fi ed by adren-
ergic blockade, but such stimulation altered the patterns of renal sympathetic nerve 

   Table 10.3    Power spectral densities of renal sympathetic nerve activity before (baseline) and after 
drug administration   

 Parameters  C  TD  TS 

  Baseline  

 LF/(LF + HF) (%)  6.6 ± 0.2  0.1 ± 0.2 *  3.4 ± 1.0 
 HF/(LF + HF) (%)  93.4 ± 0.2  99.0 ± 0.2 *  96.6 ± 1.0 

 Hexamethonium 

 LF/(LF + HF) (%)  4.8 ± 1.7  1.5 ± 0.3  5.8 ± 2.1 
 HF/(LF + HF) (%)  95.2 ± 1.7  98.5 ± 0.3  94.2 ± 2.1 

 Clonidine 

 LF/(LF + HF) (%)  4.6 ± 1.5  5.6 ± 4.1  2.9 ± 1.1 
 HF/(LF + HF) (%)  95.4 ± 1.5  94.4 ± 4.1  97.1 ± 1.1 

 Prazosin 

 LF/(LF + HF) (%)  8.1 ± 2.1  4.7 ± 1.0  1.9 ± 1.2 
 HF/(LF + HF) (%)  91.9 ± 2.1  95.3 ± 1.0  98.1 ± 1.2 

  Values are mean ± SEM.  C  control group,  TD  taurine-depleted group,  TS  taurine-supplemented 
group,  LF  low frequency (0.3–0.5 Hz);  HF  high frequency (0.5–4.0 Hz); * P  < 0.05 compared to C  
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activity (Fig.  10.3 ). During tooth pulp stimulation, perinatal taurine depletion or 
 supplementation markedly increased power spectral densities at the frequency 
spectra below 0.2 Hz when compared to control taurine treatment. The highest 
increase was observed in TD rats and the response was distributed in nearly all 
frequencies within these spectra. Electrical tooth pulp stimulation increased the TS 
(vs. TD) power density of integrated renal nerve activity more at lower frequencies 
(below 0.1 Hz).  

 During tooth pulp stimulation, the very-low-frequency power spectral densities 
of control animals were heightened by adrenergic inhibition (Fig.  10.4 ). In contrast, 
the power density of TS during tooth pulp stimulation was  fl attened by any adrener-
gic blockade, while that of TD was more decreased by prozosin, clonidine, and 
hexamethonium treatment, respectively.    
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    10.4   Discussion 

 Perinatal taurine depletion predisposes adult rats to respond to a high sugar diet with 
sympathetic nerve overactivity and baroreceptor re fl ex dysregulation (Roysommuti 
et al.  2009a ; Thaeomor et al.  2010  ) . In contrast, perinatal taurine supplementation 
leads to minimal effects in adults (Roysommuti et al.  2009b ; Roysommuti et al.  2011  ) . 
The present data further indicate that perinatal taurine imbalance alters the pattern of 
autonomic nervous system function at very-low-frequency components of arterial 
pressure and renal sympathetic nerve activity. This phenomenon is modi fi ed by 
tooth pulp stimulation, which models pain-induced autonomic nerve responses. In 
addition, the present study suggests that both central and peripheral adrenergic 
mechanisms contribute to the effects of perinatal taurine exposure on the autonomic 
responses to tooth pulp stimulation in adults. 

 Peripheral autonomic nerve out fl ow is primarily regulated by the central nervous 
system, particularly hypothalamus and medulla, and many lines of evidence indicate 
that the sympathetic nerve response to stimuli is not uniform (Ninomiya et al.  1973 ; 
Ninomiya and Irisawa  1975  ) . To test the overall sympathetic and parasympathetic 
nervous system control of arterial pressure, many indirect noninvasive techniques 
have been used, including power spectral analysis of arterial pressure pulse and 
heart rate (Malliani et al.  1994 ; Parati et al.  1995  ) . In rats, the power spectral density 
of arterial pressure is closely correlated with the autonomic nerve activity, directly 
measured in many organs, and in humans, power spectrum of heart rate variability 
is also closely correlated to autonomic nerve activity. The frequency spectra 
that coincide to the autonomic control of cardiovascular system are usually within 
0.2–8.0 Hz in rats (Persson et al.  1992  )  and 0.05–0.15 or 0.3–4.0 Hz in humans and 
dogs (Furlan et al.  1993 ; Malliani et al.  1994 ; Pagani et al.  1984  ) . 

 Previous experiments in our laboratory suggested that frequency of arterial 
pressure power spectral density between 0.3 and 4.0 Hz is indicative of autonomic 
nervous system control of arterial pressure in rats (Roysommuti et al.  2009a ; 
Thaeomor et al.  2010  ) . The present study indicates that the arterial pressure power 
density at frequencies below 0.2 Hz may better model the effect of perinatal taurine 
exposure on the sympathetic nerve control of arterial pressure. This hypothesis is 
strengthened by the present  fi nding that either ganglionic blockade by hexametho-
nium or central sympathetic inhibition by  a  

2
 -adrenergic agonist clonidine depresses 

the power density at this frequency spectrum. This phenomenon was not observed 
in the frequency spectrum of 0.3–4.0 Hz. 

 Several lines of evidence indicate that peripheral nociceptive stimulation 
increases sympathetic activity to heart, blood vessel, and kidney. However, the 
cardiovascular responses to pain are rather complex. Stimulation of orofacial pain 
 fi bers can increase both sympathetic and parasympathetic nerve activities (Andrew 
and Matthews  2002 ; Kemppainen et al.  2001  ) . Tooth pulp stimulation predomi-
nately activates the parasympathetic vasodilator nerve to orofacial skin and mucosal 
blood vessels (Kemppainen et al.  2001 ; Satoh-Kuriwada et al.  2003  ) . Sympathetic 
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nerve activity to the heart is also activated in some cases (Allen and Pronych  1997 ; 
Schaller  2004 ; Sousa and Lindsey  2009  ) . The present study is the  fi rst to indicate 
that electrical tooth pulp stimulation at the strengths and frequencies that have 
minimal effect on arterial pressure and heart rate does not alter renal sympathetic 
nerve  fi ring rates but does affect its pattern of response. Our data also suggests that 
perinatal taurine imbalance increases the synchronization of sympathetic out fl ow 
to the kidneys in response to the tooth pulp stimulation. This effect was also 
reported in rats following heat stimulation of their tails (DiBona and Sawin  1999  ) . 
The increased response of renal sympathetic nerve to tooth pulp stimulation may 
con fi rm previous experiments that indicated high sugar intake induces sympathetic 
overactivity in perinatal taurine-depleted, adult rats (Roysommuti et al.  2009a ; 
Thaeomor et al.  2010  ) . 

 In TD compared to TS rats, the power spectral densities of renal sympathetic 
nerve activity after hexamethonium or clonidine either at baseline or during tooth 
pulp stimulation were different. TD rats were more sensitive to clonidine while TS 
rats responded more equally to both hexamethonium and clonidine. Clonidine acts 
mainly at the rostral ventrolateral medulla (RVLM) to inhibit peripheral sympa-
thetic out fl ow (Guyenet et al.  2001 ; Madden and Sved  2003  ) , while hexamethonium 
blocks both parasympathetic and sympathetic out fl ows. These data suggest that 
perinatal taurine depletion has signi fi cant effects in the RVLM or related areas. 

 Several lines of evidence have con fi rmed that renal sympathetic nerve supplies 
three main renal structures including renin-releasing juxtaglomerular cells, renal 
tubules, and renal vessels. Peripheral sensory inputs (i.e., hypotension, pain, or 
heat) may alter both  fi ring rates and patterns of renal sympathetic nerve activity 
(DiBona and Sawin  1999  ) . Similar total  fi ring frequency of the renal nerve can bring 
about different patterns of renal responses, depending on the selective action on 
different  fi bers in the nerve. Renin secretion responds actively at very-low-frequency 
spectrum of renal nerve activity, while renal tubular sodium reabsorption and renal 
blood  fl ow respond at higher frequency ranges (DiBona  2005b  ) . The present study 
indicates that perinatal taurine exposure with or without tooth pulp stimulation 
primarily affects the very-low-frequency component of renal nerve activity spec-
trum, suggesting that it programs mainly the sympathetic-mediated renal renin 
secretion. This notation is supported by the previous data from our laboratory indi-
cating that perinatal taurine depletion affects the renin–angiotensin system 
(Thaeomor et al.  2010  ) .  

    10.5   Conclusion 

 In summary, perinatal taurine excess or de fi ciency can alter autonomic nervous sys-
tem and renal function in adult animals. In the present study, tooth pulp stimulation 
at strengths and frequencies that do not affect arterial pressure, heart rate, renal 
nerve  fi ring rate, or arterial pressure power spectral densities of 0.3–4.0 Hz (the 
standard measures of autonomic nerve control of arterial pressure) was shown to 
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greatly alter the pattern of very-low-frequency components (i.e., below 0.2 Hz) of 
both renal nerve activity and arterial pressure. These effects are altered differently 
by adrenergic blockade. Thus, the present data indicate that perinatal taurine deple-
tion can signi fi cantly affect aspects of autonomic nervous system activity in adult 
animals, and this could signi fi cantly alter adult physiological function.      
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  Abstract   Taurine release in mouse hippocampal slices is regulated by several 
neurotransmitter receptor systems. The ionotropic glutamate receptors and the ade-
nosine receptor A 

1
  are the most effective. The effect of  N -methyl- d -aspartate recep-

tors is mediated via activation of the pathway involving nitric oxide and 3 ¢ ,5 ¢ -cyclic 
guanosine monophosphate. The activation of excitatory amino acid receptors causes 
at the same time an increase in taurine release. The activation of adenosine A 

1
  recep-

tors also potentiates taurine release. The taurine released may counteract any exci-
totoxic effects of glutamate, particularly in the developing hippocampus.  

  Abbreviations  

  AMPA    2-Amino-3-hydroxy-5-methyl-4-isoxazolepropionate   
  8-Br-cGMP    8-Bromoguanosine 3 ¢ ,5 ¢ -cyclic monophosphate   
  CACA    Cis-4-aminocrotonate   
  cGMP    3 ¢ ,5 ¢ -Cyclic guanosine monophosphate   
  CGS 21680    2- p -(2-Carboxyethyl)phenylamino-5 ¢ - N -ethylcarboxaminoadenosine 

hydrochloride   
  CHA     N  6 -Cyclohexyladenosine   
  CNQX    6-Cyano-7-nitroquinoxaline-2,3-dione   
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  GABA     g -Aminobutyrate   
  NBQX    2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo(f)quinoxaline-7-sulfonamide   
  MK-801    [5R,10S]-[+]-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,

10-imine (dizocilpine)   
  NMDA     N -methyl- d -aspartate   
  NO    Nitric oxide   
  R-PIA    R(−) N  6 -(2-Phenylisopropyl)adenosine   
  TACA    Trans-4-aminocrotonate   
  TPMPA    (1,2,5,6-Tetrahydro-pyridine-4-yl)methylphosphinate   
  ZAPA    (Z)-3-[(Aminoiminomethyl)thioprop-2-enoate         

    11.1   Introduction 

 There obtains a delicate balance between the excitatory and inhibitory processes in the 
central nervous system. Taurine, an inhibitory agent, participates in the maintenance of 
this balance. An increase in extracellular taurine upon excessive stimulation of gluta-
mate receptors may serve as an important protective mechanism against excitotoxicity 
(Trenkner  1990 ). Taurine is particularly enriched in the developing rodent nervous sys-
tem, where its concentration exceeds those of all other amino acids (Saransaari and Oja 
 2008  ) . It may thus be essential particularly in the developing brain. 

 The major part of excitatory innervation in the hippocampus is glutamatergic, the 
function of the glutamate neurons being modulated by inhibitory  g -aminobutyrate 
(GABA)-releasing interneurons (Frotscher et al.  1984 ; Freund and Buzsáki  1988  ) . 
Adenosine is an inhibitory neuromodulator which regulates neurotransmitter release 
in the brain (Cunha  2001  ) . Taurine is also released from interneurons and inhibits 
 fi ring of the main hippocampal pyramidal neurons, members of the glutamatergic 
excitatory circuit (Taber et al.  1986  ) . In addition to its other roles, taurine has been 
thought to function as a regulator of neuronal activity, inducing hyperpolarization 
and inhibiting  fi ring of central neurons (Oja and Kontro  1983 ). Furthermore, taurine 
has a special role in immature brain tissue (Kontro and Oja  1987  ) , being apparently 
essential for the development and survival of neural cells (Sturman  1993  ) . The fol-
lowing gives an overview of the effects of activation of different neurotransmitter 
receptors on taurine release in the mouse hippocampus.  

    11.2   Methodological Comments 

 All results shown in this article are from experiments on NMRI mice, aged 3 months 
(adult) and 7 days. Slices 0.4-mm thick weighing 15–20 mg were from the hip-
pocampi. In the experiments with labeled taurine, they were  fi rst preloaded for 
30 min with 10  m M (50 MBq/l) [ 3 H]taurine in preoxygenated Krebs-Ringer-Hepes-
glucose medium under O 

2
  and then individually superfused for 50 min as described 
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in detail by Kontro and Oja  (  1987  ) . The medium was pooled during the  fi rst 20 min 
of superfusion, during which time labeled taurine attached to membranes and retained 
in the extracellular spaces is washed out. Thereafter, 2-min fractions (0.5 ml) were 
collected. The ef fl uent samples were counted for radioactivity. The content of endog-
enous taurine in the slices and its release into the medium were estimated by high-
pressure liquid chromatography (Saransaari and Oja  1998  ) . The taurine ef fl ux rate 
constants (k 

2
 ) shown here are for the time interval of 34 to 50 min of superfusion.  

    11.3   General Properties of Taurine Release 

 The properties of the release of endogenous and exogenous labeled taurine are 
largely similar (Saransaari and Oja  1998,   2000a  ) . The basal release is signi fi cantly 
greater from slices from adult as against developing mice (Fig.  11.1 ). However, K +  
stimulation and cell-damaging conditions enhance the release markedly more in 
developing than in adult mice (Kontro and Oja  1987 ; Saransaari and Oja  1998  ) .   

    11.4   GABA Receptors 

 The potentiation of taurine release by GABA is reduced by the GABA 
B
  receptor 

antagonists phaclofen and saclofen and the GABA 
C
  receptor antagonist 

(1,2,5,6-tetrahydropyridine-4-yl)methylphosphinate (TPMPA) at both ages 

  Fig. 11.1    Spontaneous release of endogenous taurine (panel  a ) and preloaded [ 3 H]taurine (panel 
 b ) from hippocampal slices prepared from 7-day- and 3-month-old mice after a stabilization period 
of 20 min. Mean values ± SEM of six to eight independent experiments       
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(Saransaari and Oja  2000a  ) . Several GABA 
B
  receptor effectors are also able to 

inhibit K + -stimulated taurine release in adults, while the GABA 
C
  receptor agonist 

cis-4-aminocrotonate (CACA) potentiated it. Trans-4-aminocrotonate (TACA) 
and the other GABA 

C
  receptor agonist (Z)-3-[(aminoiminomethyl)thio]prop-2-

enoate (ZAPA), which also activate GABA 
A
  receptors, stimulate the basal release 

of taurine, particularly in the developing hippocampus. However, CACA and 
ZAPA can also act as substrates for GABA transport systems in the brain (Allan 
et al.  1991 ; Chebib and Johnston  1997  ) . The potentiation of taurine release by 
these in both the adult and the developing hippocampus may result from the 
involvement of transporters operating outwards. Such a conception is corrobo-
rated by the moderate but signi fi cant inhibition of taurine uptake by the same 
compounds in our experiments (Saransaari and Oja  2000a  ) . Nevertheless, all the 
effects were relatively minor and GABA receptors do not thus play any major 
role in taurine release in the hippocampus.  

    11.5   Adenosine Receptors 

 The adenosine A 
1
  receptor agonist R(−) N  6 -(2-phenylisopropyl)adenosine (R-PIA) 

potentiated taurine release in developing mice and depressed it in adults in a receptor-
mediated manner, since the respective A 

1
  receptor antagonists 8-cyclopentyl-1,3-dipro-

pylxanthine (DPCPX) totally blocked the R-PIA effect in developing mice and attenuated 
it in adults (Fig.  11.2 ). The other adenosine A 

1
  receptor agonist  N  6 -cyclohexyladenosine 

(CHA) has shown the same effects (Saransaari and Oja  2000b  ) . The neuromodulator 
adenosine is known to inhibit the release of neurotransmitters acting presynaptically, the 
adenosine A 

1
  receptors being particularly involved in this regulation (Fredholm and 

Dunwiddie  1988  ) . The other adenosine receptor A 
2a

 , which is also abundant in the brain, 
has exhibited varying effects, both reduction and enhancement of transmitter release or 
no effects having been observed (Burke and Nadler  1988 ; Yoon and Rothman  1991 ; 
Ribeiro  1999  ) . In the case of taurine release in the mouse hippocampus, adenosine A 

2a
  

receptors have had only minor effects. The speci fi c adenosine A 
2a

  agonist 2- p -(2-car-
boxyethyl)phenylamino-5 ¢ - N -ethylcarboxaminoadenosinehydrochloride (CGS 21680) 
has slightly inhibited hippocampal taurine release but only in adult mice, while the 
adenosine A 

2a
  receptor antagonist 3,7-dimethyl-1-propargylxanthine (DMPX) has had 

no marked effects (Saransaari and Oja  2000b  ) .   

    11.6   Glutamate Receptors 

 The activation of all three ionotropic glutamate receptors signi fi cantly enhanced taurine 
release in both developing and adult mice (Fig.  11.3 ). Of the agonists,  N -methyl- d -
aspartate (NMDA) was the most effective, but also 2-amino-3-hydroxy-5-methyl-4-
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isoxazolepropionate (AMPA) in developing mice and kainate in adults were markedly 
effective at a 100- m M concentration. The greater ef fi cacy of NMDA in enhancing 
taurine release in hippocampal slices has also been reported in other experiments 
with rats (Magnusson et al.  1991  ) . The antagonists of the NMDA, kainate and AMPA 
receptors, dizocilpine (MK-801), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), and 
2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo(f)quinoxaline-7-sulfonamide (NBQX), 
respectively, totally blocked the effects in developing mice and signi fi cantly reduced 
them in adults (Fig.  11.4 ).   

 The excitatory ionotropic glutamate receptors have also enhanced taurine release 
more ef fi ciently in the cerebral cortex in developing than in adult mice (Saransaari and 
Oja  1991  ) . In hippocampal slices from aging mice, the response to NMDA is further 
attenuated (Saransaari and Oja  1997  ) . However, the effects of ionotropic glutamate recep-
tors are not the same in all brain areas and under different experimental conditions. For 
instance, the ionotropic glutamate receptor agonists have had no effect on taurine release 
in the immature mouse brain stem under ischemic conditions, whereas in adults the 
release has been enhanced in a receptor-mediated manner (Saransaari and Oja  2010  ) . 

 Metabotropic glutamate receptors also participate in taurine release. Group I 
metabotropic glutamate receptors mostly enhance the release in the adult but inhibit 
it in the developing hippocampus (Saransaari and Oja  1999a  ) . Group II and III 
receptors are also involved, but their effects are variable in the developing and adult 
hippocampus. On the whole, however, the effects of these receptors are relatively 
minor as compared to those of the ionotropic glutamate receptors.  

  Fig. 11.2    Effects of the adenosine A 
1
  receptor agonist R(−) N  6 -(2-phenylisopropyl)-adenosine and 

its antagonist 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) on taurine release in hippocampal 
slices from developing (panel  a ) and adult (panel  b ) mice. Mean values ± SEM of six independent 
experiments. Signi fi cance of the effect of R-PIA: * P  < 0.01, and the effect of DPCPX on the 
R-PIA-stimulated release:  #  P  < 0.01       
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    11.7   How NMDA Receptors Enhance Taurine Release 

 Nitric oxide (NO) plays a signi fi cant role in signal transduction in the brain 
(Bruhwyler et al.  1993  ) . The production of NO is linked to the activation of the 
NMDA receptors (Garthwaite  1991  ) . Glutamate activates postsynaptic NMDA 
receptors and the receptor-linked Ca 2+  channels allow Ca 2+  to enter the cells upon 
depolarization. NO synthase is a Ca 2+ -dependent enzyme (Bredt et al.  1992  ) , 
being activated in the presence of Ca 2+  and then producing NO. NO stimulates 
soluble guanylate cyclase and in this manner enhances the production of 
3 ¢ ,5 ¢ -cyclic guanosine monophosphate (cGMP) (Schuman and Madison  1994  ) . 
The levels of cGMP are indeed increased after NMDA receptor activation in hip-
pocampal slices (East and Garthwaite  1991  ) . The release of taurine has been 
enhanced by the cGMP analog 8-Br-cGMP and the phosphodiesterase inhibitor 
zaprinast, particularly in the immature hippocampus, this indicating that increased 
cGMP levels indeed induce taurine release (Saransaari and Oja  2002  ) . Several 
NO donors have been used to simulate the natural NO production in the brain. Of 
these, hydroxylamine may best mimic the effect of intracellular generation of 
NO, since it penetrates into cells easily and is broken down by a catalase-depen-
dent reaction (DeMaster et al.  1989  ) . Hydroxylamine signi fi cantly enhances tau-
rine release from hippocampal slices in both developing and adult mice 
(Fig.  11.5 ), its effect being clearly concentration dependent. Other NO donors 

  Fig. 11.3    Effects of the ionotropic glutamate receptor agonists on taurine release from hippocampal 
slices from developing (panel  a ) and adult (panel  b ) mice. The ef fl ux rate constants are from the 
superfusion period of 34–50 min. Mean values ± SEM of six to eight independent experiments. 
Signi fi cance of differences from values without agonist: * P  < 0.05, ** P  < 0.01       
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have also affected taurine release from hippocampal slices, but their effects have 
been less consistent (Saransaari and Oja  1999b  ) .   

    11.8   Conclusions 

 Taurine release in hippocampal slices is affected by several neurotransmitter 
receptors. Of these, the ionotropic glutamate receptors and the adenosine recep-
tor A 

1
  are the most effectual. The metabotropic glutamate receptors, adenosine 

A 
2a

  receptor, and GABA receptors play minor roles in the regulation of taurine 
release. The effect of NMDA receptor activation is mediated via the NMDA/
NO/cGMP pathway. The release of the inhibitory neuromodulator taurine may 
maintain homeostasis in the brain, counteracting any excitotoxic effects of glu-
tamate possibly released in excess. Enhanced taurine release could be particu-
larly important in the developing hippocampus. GABA cannot protect against 
excitotoxicity in the developing hippocampus, since during early development 
GABA is rather excitatory than inhibitory (Ben-Ari  2002  ) . The rationale is this 
that the activation of excitatory amino acid receptors causes at the same time an 

  Fig. 11.4    Effects of the antagonists on the ionotropic receptor agonist-enhanced taurine release 
from hippocampal slices from developing (panel  a ) and adult (panel  b ) mice. The effects of the 
antagonists of  N -methyl- d -aspartate (NMDA), kainate and 2-amino-3-hydroxy-5-methyl-4-isox-
azolepropionate (AMPA), dizocilpine (MK-801), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 
and 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo(f)-quinoxaline-7-sulfonamide (NBQX), respec-
tively (crosshatched bars). Mean values ± SEM of six independent experiments. Signi fi cance of the 
effects of the antagonists: * P  < 0.05, ** P  < 0.01       
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increase in taurine release. The enhanced adenosine release further potentiates 
the effect of taurine release in that it can attenuate the release of excitatory 
transmitters.      
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  Abstract   In the 70s, the amino acid taurine was found essential for photoreceptor 
survival. Recently, we found that taurine depletion can also trigger retinal ganglion 
cell degeneration both  in vitro  and  in vivo . Therefore, evaluation of taurine levels 
could be a crucial biomarker for different pathologies of retinal ganglion cells such 
as glaucoma. Because different breeds of dog can develop glaucoma, we performed 
taurine measurements on plasma and aqueous humour samples from pet dogs. Here, 
we exposed results from a pilot study on  normal  selected breed of pet dogs, without 
any ocular pathology. Samples were collected by veterinarians who belong to the 
 Réseau Européen d’Ophtalmologie Vétérinaire et de Vision Animale . Following 
measurements by high-performance liquid chromatography (HPLC), the averaged 
taurine concentration was 162.3  m M in the plasma and 51.8  m M in the aqueous 
humour. No correlation was observed between these two taurine concentrations, 
which exhibited a ratio close to 3. Further studies will determine if these taurine 
concentrations are changed in glaucomatous dogs.  
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  Abbreviations  

  RGC    Retinal ganglion cells   
  HPLC    High-performance liquid chromatography         

    12.1   Introduction 

 Taurine is an enigmatic free sulphur beta amino acid in very high concentration in the 
retina. In the 70s, this depletion was found to trigger photoreceptor degeneration in 
cats (Hayes et al.  1975  ) , rats (Pasantes-Morales et al.  1983  )  and mice (Rascher et al. 
 2004  ) . This discovery was achieved on cats because this species is unable to synthe-
size taurine and it can only obtain taurine from its diet. Taurine concentration was 
therefore examined in dog models of hereditary degenerative diseases (Schmidt and 
Aguirre  1985  )  and this supplementation was reported to prevent visual loss in human 
patients (Pasantes-Morales et al.  2002  ) . Recently, we have correlated the retinal tox-
icity of the antiepileptic drug, vigabatrin, to a taurine depletion detected in the plasma 
of vigabatrin-treated rats and patients (Jammoul et al.  2009  ) . However, if some 
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 hotoreceptor degeneration is part of this retinal toxicity (Ravindran et al.  2001 ; 
Duboc et al.  2004  ) , primary affected cells in patients appeared to be retinal ganglion 
cells (RGCs) (Ravindran et al.  2001 ; Frisen and Malmgren  2003 ; Buncic et al.  2004 ; 
Wild et al.  2006  ) . Animal models also presented this vigabatrin-induced retinal gan-
glion cell degeneration, which was suppressed by taurine supplementation (Jammoul 
et al.  2010  ) . Furthermore, we found that pharmacological blockade of taurine trans-
porter also leads to RGC degeneration (Gaucher et al.  2012  ) . Consistent with these 
results, some cell loss was reported in the RGC layer in taurine-transporter knockout 
mice during the massive degenerative process affecting photoreceptors although it 
was not clear which cells were degenerating in the RGC layer (Heller-Stilb et al. 
 2002  ) . Finally, we demonstrated that taurine is acting directly on RGCs to induce 
their survival and that taurine supplementation could rescue RGCs in different ani-
mal models of pathologies such as glaucoma or  retinitis pigmentosa  (Froger et al. 
 2012  ) . In agreement with these results, a decrease in the retinal taurine concentration 
was reported in glaucomatous dogs (Madl et al.  2005  ) . 

 Considering these results on the critical role of taurine in RGC survival, taurine 
appears as an important biomarker to follow during pathological conditions such as 
glaucoma. While rodents are commonly used as animal models,  large  animal mod-
els (i.e. dog, cat, pig) have become increasingly attractive to assess ef fi cacy and 
safety of a variety of treatment modalities that are being considered for clinical tri-
als in human patients. A signi fi cant advantage in using the dog is that it enables 
intraocular drug delivery studies (Le Meur et al.  2007  ) , surgical interventions and 
 in vivo  imaging procedures (Rosolen et al.  2001 ; Rosolen et al.  2012  )  that cannot 
always be done in the much smaller rodent eye. Considering dogs, breeds offer a 
unique possibility to  fi nd families with high consanguinity. As a consequence, pro-
gressive retinal atrophy (PRA) has been described in more than 100 breeds. These 
canine forms of retinal diseases share great genetic and phenotypic similarities with 
their human counterparts. Therefore, dogs provide unique animal models to (i) 
improve our understanding of the corresponding pathogenic mechanisms and (ii) 
demonstrate the  proof of principle  for novel therapeutic strategies. Yet, the dimen-
sions of the canine eye enable intravitreal implantation of devices or injection of 
compounds in solution that have, respectively, a size or volume targeted to the 
human eye (Tao et al.  2002  ) . 

 To prepare the future use of taurine as a biomarker and potential treatment in 
RGC degenerative diseases, we here report taurine measurements in plasma and 
aqueous humour samples from different breeds of dogs. This pilot study included 
71 healthy pet dogs, without any detected ocular diseases.  

    12.2   Methods 

 All procedures were in accordance with the Association for Research in Vision and 
Ophthalmology statement for the use of animals in ophthalmic and vision research. 
All animals included in the study were examined by 11 different veterinarians who 
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belong to the REOVVA network ( Réseau Européen d’Ophtalmologie Vétérinaire et 
de Vision Animale ) after obtaining informed consent from the owners. 

    12.2.1   Animals 

 Results were obtained from a cohort of 69 adult pet dogs (age: min = 18 months, 
max 7 years; 33 males and 36 females), among 36 different breeds, without detected 
ocular pathologies. All animals were in good physical condition and without any 
visual defect following a complete clinical examination. The complete ophthalmo-
logic examination included slit-lamp and indirect ophthalmoscopy. For aqueous 
humour collections, animals were sedated with a single intramuscular injection of 
medetomidine (0.1 mg/kg). The cornea of the right eye was topically anesthetized 
with two drops of chlorhydrate of oxybuprocaine.  

    12.2.2   Sample Collections 

 Blood samples (5 ml) were taken from radial vein in awake dogs and placed in tubes 
containing EDTA. After centrifugation, plasma was removed and frozen until use 
for amino acid dosages. Aqueous humour samples were taken on sedated dogs, with 
a needle (21 G; syringe volume: 0.2 ml) and then directly frozen at −20°C until use 
for amino acid dosages.  

    12.2.3   Concentration of Taurine and Its Precursors 
of Biosynthesis in Plasma and Aqueous Humour 

 Plasma and aqueous humour were deproteinized with a 30% (w/v) sulfosalicylic 
acid solution, and the supernatants were stored at −20°C until analysis. Amino 
acids, including taurine, methionine and cystine, the two latter being precursors in 
taurine biosynthesis, were measured by ion exchange chromatography.  

    12.2.4   Statistical Analysis 

 Data exposed are mean ± SEM. One-way ANOVA, followed by a Bonferroni post-
hoc, was used to compare mean between groups of dogs. To compare the means of 
two groups, a Student’s  t -test was applied. Differences were considered signi fi cant 
at * p  < 0.05, ** p  < 0.01 and *** p  < 0.001.   
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    12.3   Results 

    12.3.1   Plasmatic Taurine Concentration in Healthy Selected 
Breed of Dogs 

 Figure  12.1  illustrates the taurine plasma measurements in the different dogs according 
to the different veterinarians. In the  fi rst stage, plasma samples were collected from 44 
dogs (black symbols; Fig.  12.1a ) by ten veterinarians, while in the second stage, sam-
ples were collected from 25 dogs (blue symbols, Fig.  12.1b ) by four veterinarians. 
When mixing all the different measurements, the averaged taurine plasma concentra-
tion was found at 162.3 ± 9.5  m M (mean ± SEM,  n  = 69). However, the  fi gure shows a 
surprising group with animals ( n  = 5) exhibiting a plasmatic taurine level greater than 
the average value. For these  fi ve animals the difference with the averaged value was 
statistically signi fi cant. Indeed   , in this group of dogs, the plasma taurine level was 2.3-
fold higher (385.2 ± 16.6  m M,  n  = 5;  p  < 0.001, red points; Fig.  12.1a ) than the remaining 
dogs 144.9 ± 6.1  m M (mean ± SEM,  n  = 64). To understand the origin of this major dif-
ference, we compared the nature of the dog breeds in this sample with respect to the 
other cohorts. When all animals were classi fi ed according to their sex, males and 
females were distributed in all groups. In fact, no signi fi cant differences were observed 
in the taurine plasmatic level between sexes (Fig.  12.1b ). Similarly, the difference in the 
group could not be attributed to a bias in the recruitment of particular breed in this 
group (not shown). We then questioned the food supply in this animal group because 
taurine can be taken up from our diet. Surprisingly, we found out that it received an 
unusual seafood-enhanced diet unlike all the other dogs. This result suggests that nutri-
tion can impact the plasmatic taurine level also in dogs.   
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  Fig. 12.1    Taurine plasmatic concentrations in healthy dogs and in fl uence of diet and sex. 
( a ) Graphic representing the plasma taurine concentrations in normal dogs ( n  = 69). The  black  
symbols represent values from the  fi rst stage while the  blue  symbols represent values from the 
second stage of samples. The  ellipse  represents the values of dogs fed with seafood ( n  = 5,  p  < 0.01, 
one-way ANOVA followed by Bonferroni post-hoc test). Data are expressed in micromolar in 
plasma. ( b ) Histogram representing plasma taurine concentrations according to sex, showing no 
difference between males and females. Data expressed as micromolar are mean ± SEM from  n  = 33 
males and  n  = 36 females       
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    12.3.2   Plasmatic Concentration of Precursors for Taurine 
Biosynthesis: Methionine and Cystine in Healthy 
Selected Breed of Dogs 

 The concentrations of precursors of taurine biosynthesis were measured on plasma 
samples collected during the  fi rst stage, from the 44 dogs by ten veterinarians. The 
methionine concentration was found at 61.3 ± 2.3  m M ( n  = 44; Fig.  12.2a ), while the 
cystine concentration reached 1.9 ± 0.1  m M ( n  = 44; Fig.  12.2b ).  

  Fig. 12.2    Plasmatic concentration of methionine and cystine, the precursor for taurine biosynthe-
sis in healthy dogs. ( a ) Values of methionine concentration in plasma collected from 44 dogs. The 
group included into the  red  ellipse corresponds to dogs fed with seafood ( n  = 5). Data are expressed 
in micromolar in plasma. ( b ) Values of cystine concentration in plasma collected from 44 dogs. 
The group included into the  red  ellipse corresponds to dogs fed with seafood ( n  = 5). Data are 
expressed in micromolar in plasma       
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 Interestingly   , in the group of dogs which exhibited a signi fi cant increase in 
plasma taurine (red ellipses, Fig.  12.1a ), there are no differences in either methion-
ine concentration (53.3 ± 3.8  m M, mean ± SEM,  n  = 5, red ellipse; Fig.  12.2a ) or cys-
tine concentration (2.0 ± 0.0  m M, mean ± SEM,  n  = 5 red ellipse; Fig.  12.2b ) as 
compared to the other groups ( p  > 0.05, one-way ANOVA).  

    12.3.3   Taurine Concentration in Aqueous Humour from Healthy 
Selected Breeds of Dogs 

 In a subset of 10 dogs from the second stage, samples of aqueous humour were col-
lected and we were able to measure the taurine levels in this liquid. This taurine 
concentration was measured at 51.8 ± 4.0  m M (mean ± SEM;  n  = 10, Fig.  12.3 ).    

    12.4   Discussion 

 This pilot study assessed the concentration of taurine and precursors of taurine bio-
synthesis in the plasma of healthy dogs. We found that the plasmatic taurine concen-
tration is ~150  m M in  normal  pet dogs, without any differences between males and 
females. This    value appears in the same range as described in another study on 
water dogs, in which taurine plasma concentration reached 115  m M (Alroy et al. 
 2005  ) . In other species, taurine plasma concentration was found lower in cats 
(52  m M; Earle and Smith  1992  ) , whereas it was higher in rodents like rats (Jammoul 
et al.  2009  )  or mice (Gaucher et al.  2012  ) . In humans, the taurine concentration was 
reported at 39 and 53  m M, while the normal values were considered to range from 

  Fig. 12.3    Plasmatic 
concentration of taurine in 
the aqueous humour from 
healthy dogs. Values of 
taurine levels in aqueous 
humour collected from two 
groups of  fi ve dogs. Data are 
expressed in micromolar in 
aqueous humour       

 



152 S.-G. Rosolen et al.

40 to 90  m M (Durelli and Mutani  1983 ; Brons et al.  2004  ) . The normal range appears 
fairly similar in infants (Jammoul et al.  2009  ) . 

 The ability of mammals to synthesize taurine from sulphur precursors differs 
according to species (Huxtable  1989  ) . Dietary sources of taurine are therefore 
required for species unable to synthesize suf fi cient taurine such as cats. Previous 
studies had shown that taurine supplementation can directly increase the taurine 
plasma level in rodents (Jammoul et al.  2009 ; Jammoul et al.  2010  ) , as well as in 
humans (Brons et al.  2004 ; Shao and Hathcock  2008  ) . Interestingly, our results 
suggest that the plasma taurine concentration can be manipulated in dogs by intro-
ducing a peculiar taurine-rich diet. Indeed, one group of dogs fed with seafood, 
known to present a high taurine content (Yamori et al.  2009  ) , showed a signi fi cant 
higher taurine plasma concentration. Additional data will be needed to con fi rm that 
taurine-enriched diets can increase the plasma taurine concentration in patients. 

 The discovery of taurine depletion as a cause of retinal degeneration was reported 
in cats 37 years ago (Hayes et al.  1975  ) . However, in this case, the degenerative 
process appeared to include only photoreceptors. More recently, the taurine deple-
tion was found to trigger the retinal toxicity of vigabatrin in patients and animals 
(Jammoul et al.  2009  ) . However, in this retinal toxicity, the primary site of degen-
eration seems to occur in patients at the level of RGCs even if photoreceptors are 
also damaged (Ravindran et al.  2001 ; Wild et al.  2006 ; Jammoul et al.  2010  ) . We 
have then demonstrated that taurine directly enhances RGC survival and that a local 
retinal depletion could thus lead  in vivo  to RGC degeneration as in glaucoma animal 
models (Froger et al.  2012  ) . These results are consistent with retinal decrease in 
taurine concentration in dogs affected with primary glaucoma (Madl et al.  2005  ) . 
The taurine levels may represent a crucial marker for vulnerability to retinal disease. 
To start assessing the use of taurine as a marker of glaucoma, we also detected the 
taurine level in the aqueous humour from healthy dogs with an average value of 
~50  m M. No correlation was found between the taurine levels in plasma and aque-
ous humour (not shown), which is consistent with the notion that a local retinal 
de fi cit can occur despite a normal plasma taurine concentration. This absence of 
correlation could rely on regulation of the high taurine uptake system located in the 
retinal pigment epithelium and the endothelial cells (Hillenkamp et al.  2004  ) . Hence 
the aqueous humour taurine concentration could provide a closer measure to the 
retinal taurine concentration and thus a more accurate marker for retinal diseases. 
To answer this question, future studies will evaluate the taurine levels in both the 
aqueous humour and plasma of glaucomatous dogs.  

    12.5   Conclusion 

 Future taurine measurements will be performed in glaucomatous dogs to determine 
if taurine concentrations could provide a new diagnostic marker for retinal diseases 
with RGC degeneration leading subsequently to a therapeutic decision for taurine 
supplementation.      
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  Abstract   This study aimed at evaluating protective effect of taurine on the down-
regulated expressions of thyroid hormone receptor (TR) genes in brains of mice 
exposed to arsenic (As). The SPF mice were randomly divided into As exposure 
group, protective group, and control group. The As exposure group was adminis-
tered with 4 ppm As 

2
 O 

3
  through drinking water for 60 days. The protective group 

was treated with both 4 ppm As 
2
 O 

3
  and 150 mg/kg taurine. The control group was 

given with drinking water alone. The gene expressions of TR in the mouse brains of 
the three groups were analyzed by real-time PCR. Their protein expressions were 
examined by Western blot and immunohistochemistry. Our results showed that the 
gene expression of TR b , a very important regulator of Camk4 transcription, was 
down-regulated in cerebral and cerebellar tissues of mice exposed to As. The expres-
sion of TR b 1 protein in the cerebral or cerebellar tissue signi fi cantly decreased in 
the group exposed to As compared to the control group. However, the expressions 
of TR b  gene and TR b 1 protein were signi fi cantly rescued in the group coadminis-
tered with taurine as antioxidant. These results indicated that taurine may have 
the protective effect on the down-regulated expressions of TR in brains of mice 
exposed to As.  

  Abbreviations  

  TR    Thyroid hormone receptor   
  As    Arsenic   
  LTP    Long-term potentiation   
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  LTD    Long-term depression   
  Creb    cAMP response element-binding protein   
  TRE    Thyroid hormone-response element         

    13.1   Introduction 

 Arsenic (As) is one of the most common heavy metal contaminants found in the 
environment, particularly in water. Its toxicity is a global health problem affecting 
many millions of people. Epidemiological studies revealed that chronic exposure 
to inorganic As via drinking water resulted in a dose-dependent reduction in intel-
lectual functions in children (Wasserman et al.  2004  ) . Animal studies have shown 
that As crosses the blood-brain barrier and invades the brain parenchyma, and 
there is a noticeable correlation between dose of As exposure and brain concen-
tration in guinea pigs and rats (Kannan et al.  2001  ) . De fi cits in learning tasks as 
well as behavioral alterations have been also observed in rats following sodium 
arsenite treatment (Zhang et al.  1999 ; Rodríguez et al.  2001  ) . These literatures 
indicated that the brain could be a major target organ for As-induced neurotoxic-
ity. However, the molecular mechanism by which As adversely affects intelli-
gence is poorly understood. 

 It is commonly thought that learning and memory are induced by the modula-
tion of the strength of synaptic connections between these neurons in the brain, 
a process known as synaptic plasticity (Carew and Sahley  1986 ; Mozzachiodi 
and Byrne  2009 ; Owen and Brenner  2012  ) . Long-term potentiation (LTP) and 
long-term depression (LTD) are the key models of the synaptic plasticity. 
Moreover, The LTP and LTD are believed to underlie aspects of learning and 
memory in mammals and other vertebrates (Malenka and Bear  2004  ) . The cAMP 
response element-binding protein (Creb) activation is essential to the mainte-
nance of long-term memory (LTP/LTD). The activation of the Creb needs to be 
phosphorylated by Ca 2+ /calmodulin-dependent protein kinase IV (Camk4) (Ahn 
et al.  1999 ; Shaywitz and Greenberg  1999  ) . Our previous study (Wang et al. 
 2009  )  showed that exposure to As down-regulated expressions of the Camk4 
gene and protein. It indicated that As intake may adversely affect learning and 
memory by repressing the Camk4 expression. Thyroid hormone receptor (TR), a 
ligand-mediated transcription factor, binds to DNA sequence known as a thyroid 
hormone-response element (TRE) to activate or repress transcription of target 
genes. Recently, studies have shown that the TR complexes may be involved in 
regulating gene transcription of the CaMk4 (Murata et al.  2000  ) . Therefore, we 
are interested in whether As disrupts Camk4 pathway through down-regulating 
expression of TR in the brain of mice. 

 It has been reported that As exposure resulted in marked elevation in ROS, 
causing oxidative DNA damage, severe pathological changes, and even apoptosis 
in neural cells (Chattopadhyay et al.  2002a,   b  ) . It implies that ROS is involved 
in mechanism of As-induced neurotoxicity. Taurine (2-aminoethanesulfonic 
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acid), a conditionally essential amino acid, has been considered as an antioxidant 
(Huxtable  1992 ; Son et al.  2007  ) . It is a derivative of the sulfur-containing amino 
acid, cysteine, and is present in many tissues of mammals with high concentra-
tions. A number of investigators reported that taurine protects many of the body’s 
organs against toxicity and oxidative stress due to heavy metals and other toxin 
as well as drugs (Dogru-Abbasoglu et al.  2001 ; Tabassum et al.  2006  ) . Although 
biochemical and physiologic function of taurine is still unde fi ned, considerable 
evidence shows that it can act as a direct antioxidant by scavenging ROS (Timbrell 
et al.  1995 ; Wright et al.  1986  ) . 

 Therefore, in the present study, we examined the gene expressions of TR a 1 
and TR b  in cerebrum and cerebellum of mice administered As alone or both of 
As and taurine by real-time PCR. Their protein expressions were also deter-
mined in these tissues of mice in the same groups by Western blot. Moreover, 
location of TR protein expression was also observed in cerebrum and cerebel-
lum of mice by immunohistochemistry. This study aimed at investigating the 
protection of taurine against the toxic effect of As exposure on the expression of 
TR in brain of mice.  

    13.2   Methods 

    13.2.1   Chemicals 

 As 
2
 O 

3
 , HNO 

3
 , H 

2
 O 

2
 , and taurine were purchased from Sigma Chemical Company 

(St. Louis, USA). When used, As 
2
 O 

3
  was weighed and dissolved in dilute NaOH 

solution, and then the pH of the 40 ppm As 
2
 O 

3
  stock solution was adjusted to 7.2. 

Affymetrix GeneChip Arrays (Mouse Genome 430 2.0 Array) and related kits were 
from Affymetrix (Santa Clara, USA).  

    13.2.2   Animals and Treatment 

 SPF mice (age 9 weeks) weighing 26.3–30.9 g were purchased from Experimental 
Animal Center, Dalian Medical University. The animals were maintained on a 
standard diet and water ad libitum. They were caged under a 12 h dark-light cycle 
in standard conditions of temperature (18–22°C) and humidity (50%). These mice 
were randomly divided into  fi ve groups. Group 1 received drinking water alone as 
control. Group 2 received 4 ppm As 

2
 O 

3
 . Group 3 received both of 4 ppm As 

2
 O 

3
  

and 150 mg/kg taurine. As 
2
 O 

3
  was given through drinking water for 60 days. 

Taurine was administered by gavation twice a week. The animal experiment was 
performed in accordance with the Animal Guideline of Dalian Medical University 
and in agreement with the Ethical Committee of Dalian Medical University.  
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    13.2.3   Quantitative Real-Time PCR 

 Total RNA was extracted from mouse cerebrum and cerebellum tissues by using 
RNAiso Plus according to the manufacturer’s instructions (Takara, Japan). The 
RNA was quanti fi ed by using a spectrophotometer. Only RNA samples with an 
 A  

260
 / A  

280
  of 1.9 or higher were used for reverse transcription. One  m g of total RNA 

was reverse-transcribed using Reverse Transcription Kit (Takara, Japan). Quantitative 
real-time PCR was carried out with SYBR Green PCR kit (Takara, Japan) using a 
TP800 Real-Time PCR Detection System (Takara, Japan). The primers for TR a , 
TR b , and  b -actin are shown in Table (designed by Takara, Dalian). The reaction 
conditions were as follows: an initial denaturation at 95°C for 5 min, followed by 40 
cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s. The  b -actin mRNAs were 
used as internal control probe. 

 Table Speci fi c primer sequences used in real-time PCR  
 Gene  Primer  Sequences 

 TR a   Forward  5 ¢ -GACAAGGCCACCGGTTATCACTAC-3 ¢  
 Reward  5 ¢ -CAGCAGCTGTCATACTTGCAGGA-3 ¢  

 TR b   Forward  5 ¢ -GACAAGGCCACCGGTTATCACTAC-3 ¢  
 Reward  5 ¢ -CAGCAGCTGTCATACTTGCAGGA-3 ¢  

  b -actin  Forward  5 ¢ -CTGTCGAGTCGCGTCCACCCG-3 ¢  
 Reward  5 ¢ -ATATGCCGGAGCCGTTGTCGAC-3 ¢  

    13.2.4   Western Blot 

 Mouse cerebrum and cerebellum tissue were homogenized in ice-cold RIPA Tissue 
Protein Extraction Reagent (Biyuntian, China) supplemented with 1% proteinase 
inhibitor mix and incubated at 4°C for 30 min. After incubation, debris was 
removed by centrifugation at 13,000 ×  g  for 20 min at 4°C and the lysates were 
stored at −80°C until used. The total protein concentration in the lysates was deter-
mined using the BCA protein assay kit (Biyuntian, China). The proteins (50  m g/
lane) were mixed with an equal volume of SDS-PAGE loading buffer and sepa-
rated by SDS-PAGE under nonreducing conditions using 10% SDS-PAGE gels and 
then electrotransferred to Hybond-P PVDF membrane (Millipore, France). The 
membrane was blocked with blocking buffer containing defatted milk power for 
1 h and incubated overnight at 4°C with 1  m g/ml rat anti-mouse TR a 1 monoclone 
antibody (1:500) (Santa Cruz, Biotechnology, sc-740), rat anti-mouse TR b 1 mono-
clone antibody (1:50) (Santa Cruz, Biotechnology, sc-738), and rat anti-mouse 
TR b 2 monoclone antibody (1:50) (Santa Cruz, Biotechnology, sc-67124), respec-
tively. The membrane was washed three times with Tris-buffered saline contain-
ing 0.05% Tween-20 (TBST) for 15 min and then incubated at room temperature 
for 1 h with horseradish peroxidase-conjugated goat anti-mouse IgG (Sigma). 
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The signals were visualized using an enhanced ECL chemoluminescence kit and 
quanti fi ed densitometrically using UVP BioSpectrum Multispectral Imaging 
System (Ultra-Violet Products Ltd. Upland, CA, USA).  

    13.2.5   Immunohistochemistry 

 The  fi xed cerebrum and cerebellum were trimmed, washed, dehydrated, and embed-
ded in paraf fi n according to standard protocols. Paraf fi n blocks of the cerebrum and 
cerebellum were cut at 5  m m thickness from the midportion of tissue and mounted 
onto poly- l -lysine-coated glass slides. The sections were deparaf fi nized using 
xylene (3 × 10 min) at 23°C and a series of decreasing ethanol concentrations 
according to standard protocols. Endogenous peroxidase activity was blocked by 
submerging the slides in methanol containing 3% hydroperoxide for 10 min. 
Samples were then heated in boiling water bath for antigen retrieval (10 mmol/L 
citrate buffer, pH 6, 20 min). The sections were allowed to cool in citrate buffer, 
washed thrice (deionized water, PBS, pH 7.4, 3 min each), and incubated in block-
ing solution for 30 min. Next, they were washed with PBS (3 × 10 min) and incu-
bated overnight with monoclone antibody for TR b 1(J52) at 4°C (Santa Cruz, 
Biotechnology, sc-738). After being washed with PBS (3 × 10 min), the sections 
were incubated with horseradish peroxidase-conjugated goat anti-mouse IgG (1:400 
PBS) for 1 h at room temperature. Finally, peroxidase was visualized using 0.05% 
diaminobenzidine (DAB, Sigma), in 0.05 mol/L Tris buffer, pH 7.6, containing 
0.01% hydrogen peroxide.  

    13.2.6   Statistical Analysis 

 Data were presented as mean ± standard deviation (SD). All data were analyzed 
with SPSS 11.0 for windows. Difference in mean values between groups was tested 
with the one-way ANOVA and LSD test.  p  values less than 0.05 were considered 
signi fi cant.   

    13.3   Results 

    13.3.1   Protective Effect of Taurine on Expression of TR b  Gene 
in Brain of Mice Received As 

 Because there were no signi fi cant changes in mRNA expression of TR a  between 
groups, the mRNA expression of TR b  in cerebrum and cerebellum of mice is shown 
in Figs.  13.1  and  13.2 . The mRNA expression of TR b  in cerebrum and cerebellum 
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of mice was signi fi cantly lower in the group which received As than that in controls 
( p  < 0.05). Moreover, the mRNA expression of TR b  in cerebrum and cerebellum of 
mice was also signi fi cantly lower in the group which received As than that in the 
group exposed to As with taurine ( p  < 0.05).    

  Fig. 13.1    The mRNA expression of TR  b   in cerebrum of mice. Control: mice received drinking 
water alone; 4 ppm: mice exposed to 4 ppm As 

2
 O 

3
 ; taurine + As: mice exposed to 4 ppm As 

2
 O 

3
  with 

150 mg/kg taurine. TR b  protein and control  b -actin were detected by quantitative real-time PCR. 
Values represent means ± SD ( n  = 6). a:  p  < 0.05 vs. control; b:  p  < 0.05 vs. 4 ppm       
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  Fig. 13.2    The mRNA expression of TR  b   in cerebellum of mice. Control: mice received drinking 
water alone; 4 ppm: mice exposed to 4 ppm As 

2
 O 

3
 ; taurine + As: mice exposed to 4 ppm As 

2
 O 

3
  with 

150 mg/kg taurine. TR b  protein and control  b -actin were detected by quantitative real-time PCR. 
Values represent means ± SD ( n  = 6). a:  p  < 0.05 vs. control; b:  p  < 0.05 vs. 4 ppm       
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    13.3.2   Protective Effect of Taurine on Expressions of TR b 1 
Protein in the Brain of Arsenic-Treated Mice 

 Because there were no signi fi cant changes in protein expressions of TR a  and 
TR b 2 between groups, the expression of TR b 1 protein in cerebrum and cerebel-
lum of mice is shown in Figs.  13.3  and  13.4 . The expression of TR b 1 protein in 
cerebrum and cerebellum of mice was signi fi cantly lower in the groups received 
As alone or both of As and taurine than that in controls ( p  < 0.05). Moreover, the 
mRNA expression of TR b 1 in cerebrum and cerebellum of mice was also 
signi fi cantly lower in the group received As than that in the group exposed to As 
with taurine ( p  < 0.05).    
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  Fig. 13.3    The expression of TR b 1 protein in cerebrum of mice received As alone or both of As 
and taurine. Control: mice received drinking water alone; 4 ppm: mice exposed to 4 ppm As 

2
 O 

3
 ; 

taurine + As: mice exposed to 4 ppm As 
2
 O 

3
  with 150 mg/kg taurine. TR b 1 protein and control 

 b -actin were detected by Western blot. Values represent means ± SD ( n  = 6). a:  p  < 0.05 vs. control; 
b:  p  < 0.05 vs. 4 ppm       
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    13.3.3   Protective Effect of Taurine on the Distribution of TR b 1 
Protein Expression in Brain of Arsenic-Treated Mice 

 The distribution of TR b 1 protein expression in cerebrum and cerebellum of mice is 
shown in Figs.  13.5  and  13.6 . Its expression was mainly localized in nucleus. The 
result showed that the expression of TR b 1 protein in the cerebrum decreased obvi-
ously in the mice exposed to As (Fig.  13.5b ) compared with the control or the group 
which received both of As and taurine (Fig.  13.5a  or  c ). The TR b 1 protein expression 
in the cerebrum also decreased in the mice exposed to As (Fig.  13.6b ) compared with 
the control or the group received both of As and taurine (Fig.  13.6a or c ).     
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  Fig. 13.4    The expression of TR b 1 protein in cerebellum of mice received As alone or both of As 
and taurine. Control: mice received drinking water alone; 4 ppm: mice exposed to 4 ppm As 

2
 O 

3
 ; 

taurine + As: mice exposed to 4 ppm As 
2
 O 

3
  with 150 mg/kg taurine. TR b 1 protein and control 

 b -actin were detected by Western blot. Values represent means ± SD ( n  = 6). a:  p  < 0.05 vs. control; 
b:  p  < 0.05 vs. 4 ppm       
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    13.4   Discussion 

 In the present study, we observed the expressions of TR genes and their proteins in cere-
brum and cerebellum of mice administered As alone or both of As and taurine. Our 
results showed that the expression of TR b 1 gene and their protein in cerebrum and cere-
bellum of mice was signi fi cantly lower in the group which received As than that in con-
trols ( p  < 0.05). However, the expression of TR b  gene and TR b 1 protein in cerebrum and 
cerebellum of mice was signi fi cantly higher in the group exposed to As with taurine than 
that in the group which received As ( p  < 0.05). These results indicate that As exposure can 
down-regulate the expression of TR b  gene and TR b 1 protein in cerebrum and cerebellum 
of mice, and this impairment can be mitigated by coadministration of taurine. 

  Fig. 13.5    Effect of As on TR b 1 protein expression in cerebral section of mice. ( a ) Control group; 
( b ) the group which received 4 mg/L As 

2
 O 

3
 ; ( c ) the group which received 4 ppm As 

2
 O 

3
  with 

150 mg/kg taurine. After the treatment, localization of TR b 1 protein in cerebral section was 
observed by immunohistochemical analyses (×200). The positive cells of TR b 1 protein expression 
appear brown ( arrow ), with stained nucleus       

  Fig. 13.6    Effect of As on TR b 1 protein expression in cerebellar section of mice. ( a ) Control 
group; ( b ) the group which received 4 mg/L As 

2
 O 

3
 ; ( c ) the group which received 4 ppm As 

2
 O 

3
  with 

150 mg/kg taurine. After the treatment, localization of TR b 1 protein in cerebellar section was 
observed by immunohistochemical analyses (×200). The positive cells of TR b 1 protein expression 
appear brown ( arrow ), with stained nucleus       
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 Various studies reported that As could participate in the cellular oxidation-reduction 
reactions and resulted in the formation of excess ROS such as superoxide anion 
(O-2) and hydroxyl radical (OH.) via a chain reaction (Iwama et al.  2001 ; Garcia-
Chavez et al.  2003  ) . As can cross the blood-brain barrier and accumulates in the 
tissues. It has been reported that As exposure induces oxidative stress in the rat brain 
(Flora  1999 ; Samuel et al.  2005  )  and cultured cells from the brain of the human 
fetus and newborn rats (Chattopadhyay et al.  2002a  ) . Because neurons contain a 
comparatively low content of protective enzymes and free radical scavengers, e.g., 
catalase, glutathione peroxidase, glutathione (GSH), and vitamin E (Rodríguez 
et al.  2003  ) , they are very sensitive to oxidative stress. It was reported that As expo-
sure resulted in marked elevation in ROS, causing oxidative DNA damage, severe 
pathological changes, and even apoptosis in neural cells (Chattopadhyay et al. 
 2002a,   b  ) . It implies that ROS may be involved in mechanism of As-induced neuro-
toxicity. Taurine is the most abundant free amino acid in many tissues. It protects 
many of the body’s organs against toxicity and oxidative stress caused by various 
toxic substances (Dogru-Abbasoglu et al.  2001  ) . Some investigation results showed 
that taurine acts as an antioxidant (Mahalakshmi et al.  2003  )  and could scavenge 
ROS (Niittynen et al.  1999  ) . Balkan et al.  (  2001  )  reported that taurine treatment 
ameliorated the hepatic oxidative stress due to thioacetamide as well as chronic 
ethanol (Balkan et al.  2002  )  induced toxicity individually. Our previous study also 
showed that coadministration of taurine protected against pathological changes and 
nucleic acid damage due to ROS in brain tissue of mice exposed to arsenic (Piao 
et al.  2005  ) . These literatures imply that taurine has the ability to scavenge the 
As-induced ROS in brain tissue. In the present study, As exposure down-regulated 
the expression of TR b  gene in the brain of mice and the coadministration of taurine 
mitigated the down-regulated the expression of TR b  gene induced by As. Our results 
indicate that taurine can protect against toxic effect of As exposure on the TR 
expression and the protection may be associated with anti-oxidation of taurine. 
Future studies should focus on the dose-effect relationship of taurine to prevent the 
As-induced down-regulation of TR b  gene expression, as well as determine the exact 
molecular mechanisms of these protective effects.  

    13.5   Conclusion 

 Taurine can protect against toxic effect of As exposure on the TR expression, and 
the protection may be associated with the anti-oxidative properties of taurine.      
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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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  Abstract   Taurine is one of the most abundant nonprotein amino acids shown to be 
essential for the development, survival, and growth of vertebrate neurons. We previ-
ously demonstrated that chronic taurine supplementation during neonatal develop-
ment results in changes in the GABAergic system (El Idrissi, Neurosci Lett 
436:19–22,  2008 ). The brains of mice chronically treated with taurine have decreased 
levels of GABA 

A
   b  subunits and increased expression of GAD and GABA, which 

contributes to hyperexcitability. This down regulation of GABA 
A
  receptor subunit 

expression and function may be due to a sustained interaction of taurine with 
GABA 

A
  receptors. This desensitization decreases the ef fi cacy of the inhibitory syn-

apses at the postsynaptic membrane. If changes occur in the GABAergic system as 
a possible compensatory mechanism due to taurine administration, then it is impor-
tant to study all aspects by which taurine induces hyperexcitability and affects motor 
behavior. We therefore hypothesized that modi fi cation of the GABAergic system in 
response to taurine supplementation in fl uences motor learning capacity in mice. To 
test this hypothesis, the rotarod task was employed after chronic taurine supplemen-
tation in drinking water (0.05% for 4 weeks). Control animals receiving no taurine 
supplementation were also tested in order to determine the difference in motor 
learning ability between groups. Each animal was trained on the rotarod apparatus 
for 7 days at an intermediate speed of 24 rpm in order to establish baseline perfor-
mance. On the testing day, each animal was subjected to eight different prede fi ned 
speeds (5, 8, 15, 20, 24, 31, 33, and 44 rpm). From our observations, the animals 
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that underwent chronic taurine supplementation appeared to have a diminished 
motor learning capacity in comparison to control animals. The taurine-fed mice 
displayed minor improvements after repeated training when compared to controls. 
During the testing session the taurine-fed mice also exhibited a shorter latency to 
fall, as the task requirements became more demanding.      

    15.1   Introduction 

 Taurine, 2-aminoethanesulfonic acid, is the second most abundant nonprotein amino 
acid in the central nervous system of mammals (   Huxtable and Lleu  1992  ) . Taurine 
is crucial for the development, survival, and growth of vertebrate neurons (Hayes 
et al.  1975  ) . High concentrations of taurine are incorporated into fetal and early 
postnatal rodents via their mothers (Sturman et al.  1977  ) . Within the brain, taurine 
concentrations increase until weaning, and subsequently decline reaching sta-
ble concentrations in adulthood that are comparable, but second to those of glutamate 
which is the main excitatory neurotransmitter. Activation of glutamate receptors 
leads to a depolarization of the postsynaptic membrane causing extracellular 
calcium in fl ux as well as mobilization of calcium from intracellular stores (Jaffe 
and Brown  1994  ) . Many physiological processes rely on calcium as a vital second 
messenger (Kater et al.  1988  ) , but despite that, excessive elevation of intracellular 
calcium levels results in structural damage to neurons (El Idrissi and Trenkner 
 2004  ) . Hyperexcitability of the brain is prevented by  g -aminobutyric acid (GABA), 
the predominant inhibitory neurotransmitter. When GABA is released from presynaptic 
neurons, it acts by binding to the ionotropic GABA 

A
  receptor located on the 

postsynaptic neuron. The outcome of this activity permits chloride in fl ux, and sub-
sequent hyperpolarization of the postsynaptic membrane. 

 Taurine is structurally related to GABA and acts itself as an inhibitory amino 
acid during development. Taurine is a partial agonist of the GABA 

A
  receptor 

(Frosini et al.  2003  ) , and activates chloride in fl ux into postsynaptic neurons through 
this receptor (El Idrissi and Trenkner  2004  ) . Increases in chloride concentrations 
within the cell results in hyperpolarization of the postsynaptic membrane, and 
therefore reduces excitability. In addition to acting as a partial agonist of the 
GABA 

A
  receptor, taurine has also been shown to activate the corticostriatal path-

way by behaving as an endogenous ligand for glycine receptors (Chepkova et al. 
 2002  ) . Moreover, taurine has been shown to activate Cl −  in fl ux through GABA 

A
  

receptors in cerebellar granule cells in vitro (El Idrissi and Trenkner  2004  ) . In the 
same study, cultures were pretreated with taurine (1 mM) for 24 h prior to the addi-
tion of glutamate, and afterwards Ca 2+  uptake was shown to be signi fi cantly lower 
than in control cultures. Taurine also prevents neuronal damage associated with 
excitotoxicity. This is achieved through the regulation of cytoplasmic and intrami-
tochondrial calcium homeostasis after glutamate receptor activation (El Idrissi and 
Trenkner  1999  ) . The mechanisms by which taurine accomplishes modulation of 
neuronal excitability are direct enhancement of GABAergic function and indirect 
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depression of glutamatergic neurotransmission (El Idrissi and Trenkner  2004  ) . 
During development of the nervous system, when GABA is excitatory, taurine 
might play a critical role as a regulator of neuronal excitability through calcium 
modulation, and thereby, compensate for the lack of receptor-mediated neuronal 
inhibition (El Idrissi and Trenkner  2004  ) . Furthermore, taurine may also play a 
vital role in neuroprotection since levels in the brain signi fi cantly increase during 
stressful conditions (Wu et al.  1998  ) . 

 Taurine de fi ciency has been established in a number of neuropathological dis-
orders, such as epilepsy (Barbeau et al.  1975 ; Joseph and Emson  1976  ) , mental 
depression (Perry  1976  ) , and alcohol withdrawal syndrome (Ikeda  1977  ) . To 
date, taurine supplementation has been demonstrated to affect behavior in 
rodents. For example, acute taurine injections have been shown to increase the 
threshold of pharmacologically induced convulsions, and also signi fi cantly 
improved survivability when compared to controls (El Idrissi et al.  2003  ) . On the 
other hand, chronic supplementation of taurine in drinking water increases brain 
excitability in mice, which occurs mainly through alteration in the inhibitory 
GABAergic system (L’Amoreaux et al.  2010  ) . Chronic taurine supplementation 
induces down regulation of GABA 

A
  receptor expression due to a sustained inter-

action of taurine with GABA 
A
  receptors. This process decreases the ef fi cacy of 

the inhibitory synapses at the postsynaptic membrane. The  b  subunit of the 
GABA 

A
  receptor is a key subunit that is present in virtually all of these receptors 

(Barnard et al.  1998  )  and is considered to be required for receptor assembly and 
function (Connolly et al.  1996  ) . Within the hippocampus of taurine-fed mice, 
a reduction of GABA 

A
   b  subunit expression was observed (El Idrissi  2006  ) . 

In conjunction with this, the taurine-fed mice had reduced expression of GABA 
A
  

receptors in the hippocampus. 
 Motor coordination is an acquired skill that manifests through a process of 

adaptation. Learning to walk, swim, ride a bike, or excel at a physical sport are 
examples of motor learning (Crawley  2007  ) . The learning of skilled movement is 
controlled by interactions between the supplementary motor area, prefrontal pari-
etal cortex, basal ganglia, and cerebellum (Rustay et al.  2003  ) . The basal ganglia 
are involved with the automatic execution of learned motor plans, and in the prepa-
ration of movement (A fi  fi   2003  ) . When cortical signals are received and processed 
by basal ganglia systems, the suppression of competing motor programs occurs 
when the neurotransmitter GABA inhibits thalamic nuclei. Thalamic nuclei pro-
vide the link between the basal ganglia and the motor, supplementary motor, pre-
motor, prefrontal, and    limbic cortices (A fi  fi   2003  ) . On the other hand, the cerebellum 
in fl uences movements primarily by modifying the activity patterns of the upper 
motor neurons located in the cerebral cortex. The primary function of the cerebel-
lum is evidently to detect the difference, or “motor error,” between an intended 
movement and the actual movement, and, through its in fl uence over upper motor 
neurons, to reduce the error (Purves et al.  2008  ) . Therefore, the cerebellum is the 
fundamental processing center required for the learning of compound movements. 
Furthermore, the cerebellar circuitry is highly reliant on synaptic integration 
derived from GABA-mediated inhibition. 
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 GABAergic modi fi cation plays an important part in motor learning and plasticity. 
If changes occur in the GABAergic system as a possible compensatory mechanism 
due to taurine administration, then it is important to study all aspects by which 
chronic taurine supplementation induces hyperexcitability, and affects behavior. We 
therefore hypothesized that modi fi cation of the GABAergic system in response to 
taurine supplementation in fl uences motor learning capacity in mice. To test this 
hypothesis, the rotarod task was employed after chronic taurine supplementation. 
Control animals receiving no taurine supplementation were also tested in order to 
determine the difference in motor learning ability between groups. From our obser-
vations, the animals that underwent chronic taurine supplementation appeared to 
have a diminished motor learning capacity in comparison to control animals.  

    15.2   Methods 

    15.2.1   Rotarod Task 

 Experiments were carried out on FVB/NJ adult male mice. Animals were given either 
distilled water and served as controls or a solution of taurine dissolved in distilled 
water at 0.05%. After 4 weeks of chronic taurine supplementation rotarod task was 
employed. The rotarod (IITC Life Science Inc., Woodland Hills, CA) is an apparatus 
which is used to gauge the ability of an animal to maintain balance on a rotating rod 
as well as motor learning ability in rodents (Lalonde et al.  1995  ) . Three measures were 
obtained during each trial from the apparatus: (1) latency to fall measured in seconds, 
(2) distance traveled prior to fall measured in meters, and (3) animal velocity. 

 During the training phase, the rotation was set to an intermediate speed (24 rpm) in 
order to establish baseline performance. Each mouse was placed on the rotating rod for 
a maximum of 60 s. Latency to fall off the rotarod was recorded within this time period. 
Each animal underwent  fi ve trials per day for 7 days. After each trial, the animal was 
returned to its home cage for an intertrial interval (ITI) of 5 min. On the testing day, 
each animal was subjected to eight different prede fi ned speeds (5, 8, 15, 20, 24, 31, 33, 
and 44 rpm). The mice were given two trials at each speed level with an ITI of 5 min.  

    15.2.2   Statistical Analysis 

 Analyses were performed using Statistica V 6.1 (Statsoft, Inc. Tulsa, OK). During 
the training session, the independent variables were treatment (control or taurine-
fed animals) and training day, whereas the dependent variables were latency to 
fall, distance traveled, and animal velocity. For analysis of the testing day, the 
independent variables were treatment (control or taurine-fed animals) and rpm 
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speed, while the dependent variables were latency to fall, distance traveled, and 
animal velocity. Therefore, a multifactorial analysis of variance was used in order 
to study the interaction effects among treatments. Signi fi cance was set at a 
con fi dence level of 95%, and data are presented as mean ± SD.   

    15.3   Results 

    15.3.1   The Effects of Taurine on Latency to Fall 

 Control mice displayed longer latencies to fall and had substantial day-to-day 
improvements in performance when compared to taurine-fed animals (Fig.  15.1a ). 
Two-way ANOVA (training day × treatment) on latency to fall showed a signi fi cant 
effect of training day ( F  

1, 6
  = 12.15,  p  < 0.01), suggesting a learning component to 

rotarod performance. A main effect of treatment was also observed ( F  
1, 6

  = 12.86, 
 p  < 0.01) showing that taurine signi fi cantly decreased latency to fall compared to 
control group performance. Therefore, the taurine-supplemented mice were not 
improving their performance over training days.  

 After training, mice were tested at eight different rpm speeds (Fig.  15.1b ). 
Two-way ANOVA (rpm × treatment) on latency to fall revealed a main effect of 
rpm ( F  

1, 7
  = 18.45,  p  < 0.01) with faster rotational speeds leading to shorter latency 

to fall. Also, an effect of treatment was observed ( F  
1, 7

  = 17.89,  p  < 0.01) showing 
that taurine signi fi cantly decreased the latency to fall compared to controls. An 
rpm × treatment interaction was also found ( F  

1, 7
  = 3.03,  p  < 0.01), indicating that 

the taurine-fed mice fell off earlier at higher rpm.  

    15.3.2   The Effects of Taurine on Distance Traveled 

 The taurine-fed mice displayed minor improvements in distance traveled after 
repeated training (Fig.  15.2a ). A main effect of treatment was observed ( F  

1, 6
  = 100.09, 

 p  < 0.01), indicating that the taurine-supplemented mice traveled shorter distances 
when compared to control animals. An effect of training day was also observed 
( F  

1, 6
  = 17.85,  p  < 0.01), and a training day × treatment interaction ( F  

1, 6
  = 9.14, 

 p  < 0.01). This interaction suggests that control group distance traveled improved 
over training days, while taurine-fed mice displayed stable performance.  

 In Fig.  15.2b , the distance traveled is represented for both groups at different rpm 
speeds. Two-way ANOVA (rpm × treatment) on distance traveled revealed a main effect 
of treatment ( F  

1, 7
  = 36.32,  p  < 0.01), implying that taurine-fed mice traveled shorter dis-

tances. A signi fi cant effect was also observed for rpm speed ( F  
1, 7

  = 2.38,  p  < 0.05), with 
an rpm × treatment interaction ( F  

1, 7
  = 3.41,  p  < 0.01). This interaction insinuates that tau-

rine supplementation caused mice to travel shorter distances at faster rpm speeds.  
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    15.3.3   The Effects of Taurine on Animal Velocity 

 Two-way ANOVA (training day × treatment) on animal velocity showed a main effect 
of treatment ( F  

1, 6
  = 737.77,  p  < 0.01). The control animals exhibited stable perfor-

mance over the course of training, while the taurine-fed mice showed minor improve-
ments (Fig.  15.3a ). A signi fi cant effect was also seen for training day ( F  

1, 6
  = 30.45, 

 p  < 0.01), with a training day × treatment interaction effect ( F  
1, 6

  = 38.65,  p  < 0.01). 

  Fig. 15.2    Effects of taurine when assessing distance traveled on the rotarod apparatus. Taurine 
(0.05%) was supplemented in the drinking water for 4 weeks. Data represent mean ± SD. Control, 
 n  = 3; taurine-fed,  n  = 3. Mice were trained for 7 days ( a ). The taurine-fed mice displayed minor 
improvements after repeated training. During the testing phase ( b ) the taurine-fed mice demon-
strated poorer performance as the ramp speed increased       

  Fig. 15.1    The effects of taurine on rotarod performance when evaluating latency to fall. Taurine 
(0.05%) was supplemented in the drinking water for 4 weeks. Data represent mean ± SD. Control, 
 n  = 3; taurine-fed,  n  = 3. Mice were trained for 7 days ( a ). Control mice displayed longer latencies 
to fall and had substantial day-to-day improvements in performance when compared to taurine-fed 
animals. After training, mice were tested at eight different rpm speeds ( b ). Taurine-fed mice exhib-
ited shorter latencies to fall at faster speeds       
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This interaction implies that taurine affected animal velocity with respect to training 
day.  

 In Fig.  15.3b , the animal velocity is depicted for both groups at each rpm speed 
during the testing phase. A two-way ANOVA (rpm × treatment) on animal velocity 
revealed an effect of rpm ( F  

1, 7
  = 4.34,  p  < 0.05) with faster rotational speeds leading 

to increased velocities. However, the effect of treatment on animal velocity was 
nonsigni fi cant ( F  

1, 7
  = 0.943,  p  > 0.05), and the interaction effect was also 

nonsigni fi cant ( F  
1, 7

  = 1.00,  p  > 0.05). Therefore, taurine treatment did not signi fi cantly 
affect animal velocity. Taurine-fed and control animals did not differ signi fi cantly at 
each rpm speed.   

    15.4   Discussion 

 Motor coordination is a complex behavioral domain that can re fl ect balance, muscle 
strength, and patterned gait, as well as sensory competence. Dif fi culties in motor 
performance can confound behavioral assays of learning and memory, exploration, 
and motivation (Rustay et al.  2003  ) . On the other hand, the learning of skilled move-
ment is a  fi nely tuned process that is dependent on interactions between the supple-
mentary motor area, prefrontal parietal cortex, basal ganglia, and cerebellum. Given 
the neurocircuitry involved in motor learning and performance, one might expect to 
see differences in learning and performance on the rotarod among a set of inbred 
strains (Rustay et al.  2003  ) , or after drug treatment. Results from this study suggest 
that there may be differences in the underlying structure and/or function of the brain 
regions involved in rotarod performance after chronic taurine supplementation. 

 Acquisition of a motor skill was examined after chronic taurine supplementation 
during the training phase of this study. The control animals continued to show 

  Fig. 15.3    The effects of taurine supplementation on movement velocity. The control animals 
exhibited stable performance over the course of training ( a ), while the taurine-fed mice showed 
minor improvements. During the testing phase ( b ), all animals were achieving similar velocities 
during the task       
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improvement in their ability to maintain balance on the rotarod apparatus (Fig.  15.1a ). 
This was evident by their capacity to achieve longer latencies prior to falling in 
comparison to the taurine-fed mice. The results of this study suggest that chronic 
taurine supplementation affects the ability of the animal to coordinate and maintain 
balance since re fi nement was not observed over repeated training. Furthermore, the 
control animals displayed progressive improvement in the distance traveled from 
day to day, which is in contrast to taurine-fed animals. 

 During the testing phase as illustrated in Fig.  15.1b , an interaction effect can be 
seen with regard to chronic taurine supplementation and increased task dif fi cultly. 
The control group exhibited subtle declines in the latency to fall when the rotarod 
speed was increased from 15 to 24 rpm. Beyond this speed, control animals were 
able to coordinate and maintain balance on the rotarod to a greater degree than 
taurine-fed animals. Additionally, the distance traveled by the control animals 
steadily inclined from 5 to 24 rpm (Fig.  15.2b ). Unarguably, this makes sense since 
faster speeds at longer durations correlate nicely with distance traveled. Conversely, 
animals that received chronic taurine supplementation displayed poorer perfor-
mances at speeds beyond 15 rpm. 

 Motor coordination is the ability of the organism to perform compound move-
ments smoothly, whereas motor learning is the ability to adapt motor coordination 
to changes in task demands. Both processes are generally thought of as functions of 
the cerebellum and a de fi cit in either one of them could result in impaired perfor-
mance on rotarod task parameters.  

    15.5   Conclusion 

 In summary, this study shows that taurine regulates motor learning behavior in mice. 
Our data show that chronic taurine supplementation may have contributed to motor 
learning de fi cits. The taurine-fed animals displayed minor improvements after 
repeated training when compared to controls. During the testing session the taurine-
fed animals also exhibited a shorter latency to fall, as the task requirements became 
more demanding.      
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  Abstract   We have previously shown that chronic supplementation of taurine to mice 
signi fi cantly ameliorated the age-dependent decline in memory acquisition and retention. 
We also showed that concomitant with the amelioration in cognitive function, taurine 
caused signi fi cant alterations in the GABAergic and somatonergic system. These 
changes include increased levels of the neurotransmitters GABA and glutamate, increased 
expression of both isoforms of GAD and the neuropeptide somatostatin, decreased hip-
pocampal expression of the beta ( b ) 2/3 subunits of the GABA 

A
  receptor, an increase 

in the number of somatostatin-positive neurons, and an increase in the amplitude and 
duration of population spikes recorded from CA1 in response to Schaefer collateral 
stimulation and enhanced paired pulse facilitation in the hippocampus. These speci fi c 
alterations of the inhibitory system caused by taurine treatment oppose those naturally 
induced by aging, suggesting a protective role of taurine in this process. In this study, 
we further investigated the effects of taurine on gene expression of relevant proteins of 
the inhibitory synapses using qRT-PCR method and found that taurine affects gene 
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expression of various subunits of the    GABA 
A
  receptors and GAD. Increased under-

standing the effects of taurine on gene expression will increase our understanding of 
age-related taurine-mediated neurochemical changes in the GABAergic system and 
will be important in elucidating the underpinnings of the functional changes of aging. 
Taurine might help forestall the age-related decline in cognitive functions through 
interaction with the GABAergic system.  

  Abbreviations  

  qRT-PC    Quantitative reverse transcriptase polymerase chain reaction   
  GAD    Glutamic acid decarboxylase   
  GABA     g -Aminobutyric acid         

    16.1   Introduction 

 Taurine is stored at millimolar concentration in all mammalian tissue and has sev-
eral cytoprotective properties, such as calcium handling, osmoregulation, antioxida-
tion, and detoxication (Huxtable  1992 ; Satoh and Sperelakis  1998 ; Schaffer et al. 
 2000  ) . During early critical periods of developmental maturation, the brain is very 
sensitive to environmental factors. In this study, we supplemented mice with taurine 
in drinking water for 4 weeks and examined changes in the inhibitory system. After 
4 weeks of treatment with taurine, mice showed increased levels of the inhibitory 
neurotransmitter GABA and its synthesizing enzyme, glutamic acid decarboxylase 
(GAD), indicating that chronic taurine treatment induces biochemical changes to 
the inhibitory GABAergic system. Previously, we showed an increase in both iso-
forms of GAD using Western blots (El Idrissi and Trenkner  2004  ) . Here we investi-
gated the role of taurine on gene expression of proteins that are relevant to the 
inhibitory synapses and found that taurine alters gene expression of various subunits 
of the GABA

A
 receptors and of GAD, the enzyme responsible for GABA 

synthesis.  

    16.2   Methods 

    16.2.1   Sample Preparation 

 Brains of controls and taurine-fed mice (4 months old) were dissected into cortex, 
hippocampus, cerebellum, diencephalons and brainstem within 3 min of the sacri fi ce 
and frozen on dry ice.  
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    16.2.2   RNA Preparation 

 RNA was prepared from tissue samples as described in the manufacturer’s manual 
(TRIzol Reagent; Invitrogen 15596-026). Brie fl y, tissue samples were homogenized 
in 1 ml of TRIzol Reagent per 100 mg of tissue using a Te fl on glass for 1 h. After 
centrifugation, RNA was extracted with chloroform and precipitated with isopropyl 
alcohol. Finally, samples were resuspended in 100  m l of DEPC treated H 

2
 O.  

    16.2.3   Preparation of cDNA and Real-Time PCR Analysis 

 Equal amounts (10  m g) of total RNA were treated with RNase-free DNase (Qiagen cat. 
#79254) at 37°C for 1 h, and puri fi ed by phenol/chloroform (3:1) extraction and etha-
nol precipitation. One microgram of pure RNA was used in SYBR GreenER Two-Step 
qRT-PCR kit (Invitrogen cat. #11765-100) for the  fi rst-strand cDNA synthesis and real-
time PCR reaction preparation as described in the manufacturer’s manual. 

 The real-time PCR primers are described in Table  16.1 . All experiments were 
repeated twice, and in each experiment, PCR reactions were done in triplicate in a 
7,500 sequence detection system (Applied Biosystems). Target DNA sequence 
quantities were estimated as described previously (Ford et al.  2007 ; Zhang et al. 
 2009 ; Wimalarathna et al.  2011 ; Andrew et al.  2012  ) . Brie fl y, target DNA sequence 
quantities were estimated from the threshold ampli fi cation cycle number ( C  

T
 ) using 

Sequence Detection System software (Applied Biosystems). A Δ C  
T
  value was cal-

culated for each sample by subtracting their  C  
T
  value from the  C  

T
  value for the cor-

responding  GAPDH  to normalize the differences in cDNA aliquots. Each relative 
mRNA level was then expressed as 2 (−Δ C 

T
)  × 100% of  GAPDH .   

   Table 16.1    Oligonucleotides used in the real-time qRT-PCR reaction   

 GAPDH  ORF  
 Forward primer  5 ¢ -ACAGGGTGGTGGACCTCATG-3 ¢  
 Reverse primer  5 ¢ -GTTGGGATAGGGCCTCTCTTG-3 ¢  
 GABA 

A
   b 1  ORF  

 Forward primer  5 ¢ -CTGCATCCTGATGGAACTGTTC-3 ¢  
 Reverse primer  5 ¢ -CTCATCCAGAGGGTATCTTCGAA-3 ¢  
 GABA 

A
   b 2  ORF  

 Forward primer  5 ¢ -GTGGGCACGAGGGTTAGAAC-3 ¢  
 Reverse primer  5 ¢ -GATCCACCACAGCAGCCATT-3 ¢  
 GABA 

A
   b 3  ORF  

 Forward primer  5 ¢ -CCACGGAGTGACAGTGAAAA-3 ¢  
 Reverse primer  5 ¢ -CACGCTGCTGTCGTAGTGAT-3 ¢  
 GAD65  ORF  
 Forward primer  5 ¢ -GGTCAACTTCTTCCGCATGGT-3 ¢  
 Reverse primer  5 ¢ -TGTCCGAGGCGTTCGATT-3 ¢  
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    16.2.4   Statistic Analysis 

 Statistical signi fi cance was determined by Student’s  t -test. Each value was expressed 
as the mean ± S.D. Differences were considered statistically signi fi cant when the 
calculated  P  value was less than 0.05.   

    16.3   Results 

    16.3.1   Taurine Supplementation Affects Gene Expression 
of Various GABA 

A
  Receptor Subunits 

 For GABA
A
  b 1, the relative expression levels were 0.93 ± 0.04%, 1.71 ± 0.02%, 

0.59 ± 0.23%, 0.62 ± 0.08%, and 1.02 ± 0.03% under control conditions for cor-
tex (CX), hippocampus (HP), cerebellum (CB), brain stem (BS), and diencepha-
lon (DI), respectively (Fig.  16.1 ). The relative expression levels were 
0.64 ± 0.01%, 1.40 ± 0.01%, 0.66 ± 0.09%, 0.56 ± 0.04%, and 1.51 ± 0.02% under 
taurine conditions for CX, HP, CB, BS, and DI, respectively. Thus, treatment 
with taurine results in the transcriptional down-regulation of GABA 

A 
  b 1 in the 

CX and HP regions, an up-regulation in the DI with no signi fi cant effects on CB 
and BS.  

 For GABA 
A
   b 2, the relative expression levels were 2.90 ± 0.02%, 3.37 ± 0.07%, 

6.68 ± 2.10%, 1.73 ± 0.06%, and 4.87 ± 0.19% under control conditions for CX, HP, 
CB, BS, and DI, respectively (Fig.  16.2 ). The relative expression levels were 
2.60 ± 0.09%, 2.68 ± 0.06%, 6.86 ± 1.47%, 3.27 ± 1.67%, and 4.09 ± 0.37% under 

  Fig. 16.1    Relative GABA 
A
  b 1 mRNA expression in various brain regions from controls and 

taurine-fed mice       
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taurine conditions for CX, HP, CB, BS, and DI, respectively. As such, the treatment 
of taurine results in the transcriptional down-regulation of GABA 

A
   b 2 at CX, HP, 

and DI regions, but not at CB and BS regions.  
 For GABA 

A
   b 3, the relative expression levels were 1.77 ± 0.05%, 2.39 ± 0.03%, 

1.53 ± 0.01%, 1.27 ± 0.08%, and 1.29 ± 0.05% under control conditions for CX, HP, 
CB, BS, and DI, respectively (Fig.  16.3 ). The relative expression levels were 
1.19 ± 0.09%, 1.82 ± 0.04%, 1.15 ± 0.05%, 0.92 ± 0.07%, and 1.43 ± 0.14% under 
taurine conditions for CX, HP, CB, BS, and DI, respectively. The treatment of tau-
rine results in the transcriptional down-regulation of GABA 

A
   b 3 at CX, HP, CB, and 

BS regions, but not at DI region.   

  Fig. 16.2    Relative GABA 
A
  b 2 mRNA expression in various brain regions from controls and 

taurine-fed mice       

  Fig. 16.3    Relative GABA 
A
  b 3 mRNA expression in various brain regions from controls and 

taurine-fed mice       
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    16.3.2   Taurine Supplementation Up-Regulates 
GAD Gene Expression 

 We have shown previously that taurine supplementation increases the level of 
GAD65 expression at the protein level. Here we show that taurine affects the gene 
expression level of this enzyme. The relative expression levels of GAD were 
0.82 ± 0.11%, 1.21 ± 0.04%, 0.99 ± 0.04%, 1.13 ± 0.02%, and 2.52 ± 0.02% under 
control conditions for CX, HP, CB, BS, and DI, respectively (Fig.  16.4 ). The rela-
tive expression levels were 1.26 ± 0.05%, 1.05 ± 0.04%, 1.61 ± 0.11%, 2.05 ± 0.26%, 
and 4.21 ± 0.46% under taurine conditions for CX, HP, CB, BS and DI, respectively. 
Clearly, the treatment of taurine results in the transcriptional up-regulation of 
GAD65 at CX, CB, BS, and DI regions, but not at HP region.    

    16.4   Discussion 

 In the adult brain, the excitability of neuronal circuits is controlled by inhibitory 
GABAergic interneurons. In this study, we supplemented taurine in drinking water 
(0.05%) for four continuous weeks and tested the effects of taurine on gene expres-
sion of proteins that control the function of GABAergic inhibitory synapses. 
We found that taurine-fed mice showed biochemical changes in the GABAergic 
system. Chronic treatment with taurine in drinking water caused an increase in the 
levels of glutamate and GABA as well as the enzyme responsible for GABA synthe-
sis, glutamic acid decarboxylase (GAD). We also found a reduced hippocampal 
expression of the  b  subunit of GABA

A
 receptors. 

  Fig. 16.4    Relative GAD mRNA expression in various brain regions from controls and taurine-fed 
mice       
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 We have shown previously that the protein expression level of GAD65 is 
up-regulated and of GABAergic is down-regulated in response to the treatment of 
taurine. It is instructive to conclude that the regulation of GABA

A
  b 1, GABA

A
  b 2, 

GABA
A
  b 3, and GAD65 expression is at either the transcription level or translation 

level dependent on the brain region. 
 In CX region, the regulation of GABA

A
  b 1, GABA

A
  b 2, GABA

A
  b 3, and GAD65 

expression is at the transcription level. In HP region, the regulation of GABA
A
  b 1, 

GABA
A
  b 2, and GABA

A 
 b 3 expression is at the transcription level, but the regula-

tion of GAD65 expression is at the translation level. In both CB and BS regions, the 
regulation of GABA

A
  b 3 and GAD65 expression is at the transcription level, but the 

regulation of GABA
A
  b 1 and GABA

A
  b 2 expression is at the translation level. In DI 

region, the regulation of GABA
A
  b 2 and GAD65 expression is at the transcription 

level, but the regulation of GABA
A
  b 1 and GABA

A
  b 3 expression is at the transla-

tion level. 
 GAD, which is responsible for GABA synthesis in GABAergic neurons, has two 

isoforms, 65 and 67 kDa (GAD65 and GAD67), encoded by different genes (Erlander 
et al.  1991  ) . The expression of both isoforms has been shown to be activity dependent 
(Ramirez and Gutierrez  2001 ; Nishimura et al.  2001  )  and to be in fl uenced by the 
effectiveness of GABAergic inhibition (Riback et al.  1988 ;  1993  ) . Since reduced 
GABA

A
 receptor expression would increase excitability, the increased GAD expres-

sion could be a compensatory mechanism for reduced ef fi cacy of the inhibitory sys-
tem. This is particularly interesting because increased GAD can be a compensatory 
response to the increased excitability (Ramirez and Gutierrez  2001 ; El Idrissi, and 
Trenkner  2004  )  that would be the net result of decreased GABAergic inhibition. 

 We suggest that taurine-fed mice have elevated extracellular taurine levels, which 
would lead to sustained activation or at least binding to GABA

A
 receptors. Such a 

chronic interaction of taurine with GABA
A
 receptors may lead to down-regulation 

of GABA
A
 receptor function or expression. In response to these changes, there is 

increased synthesis of GABA by GABAergic neurons, as compensatory mechanism 
to reduced postsynaptic inhibition. Furthermore, we found an increase in the num-
ber of GAD-positive neurons. This suggests that neuronal plasticity in this system 
is not limited to the actual inhibitory synapses where there is decrease receptor 
expression on postsynaptic membranes and increase neurotransmitter synthesis on 
the presynaptic side but rather the entire system compensates for this state of excit-
ability by up-regulating the number of inhibitory interneurons. 

 It has been shown that the degradation of cerebral cortical function during old age 
is due to the signi fi cant age-related loss of the GABAergic function (Leventhal, et al. 
 2003  ) . Leventhal and colleagues  (  2003  )  were able to show pharmacologic reversal of 
the age-related loss of orientation and directional selectivity by iontophoretic appli-
cation of GABA or muscimol in aged primate visual cortical neurons in vivo. Gleich 
et al.  (  2003  )  improved behavioral measures of temporal coding in young adult ger-
bils who displayed slowed temporal processing by pharmacologically increasing 
GABA levels. The  fi ndings of the current study reinforce the role of GABA inhibition 
in the maintenance of functional neuronal circuits characterized by a critical balance 
between excitatory and inhibitory inputs and may have important implications for the 
treatment of the sensory, motor, and cognitive declines that accompany old age.  
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    16.5   Conclusion 

 In summary, this study shows that supplementation to mice in drinking water affects 
gene expression of the GABA 

A
  receptor subunits and GAD65. We suggest that these 

alterations in gene expression of important regulators of the function of inhibitory 
synapses occur as compensation to elevated brain excitability after chronic taurine 
supplementation.      
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  Abstract   Previously we have shown FVB/NJ mice given taurine acutely (i.e. 43 mg/
kg/s.c. [aTau]) is anxiolytic, whereas chronically (0.05% w/v for >4 weeks [cTau]) 
produces anxiogenic phenotypes under select aversive behavioral experiments, but 
negated emotional contributions to acquisition learning and retention. Hyperexcitability 
induced in c-Tau mice is further exacerbated under stressful conditions compromising 
discrimination between cognitive vs. emotional learning. In the present study, we 
investigated differences between a-Tau and c-Tau mice using the auditory cued tone 
(ACTC) and context conditioning (CC) tests. Consistent with previous results, a-Tau 
mice exhibit less fear and increased inhibition, whereas c-Tau mice exhibit increased 
fear and decreased inhibition to ACTC and CC. Once fear conditioned, taurine mice 
become hypersensitive to novel environments and ACTC. Taurine brain levels are 
noted to increase in response to stressors as a neuroprotective mechanism against 
hyperexcitability. We suggest that c-Tau mice have increased accumulation of 
cysteamine (Cyst) and depleted somatostatin (SS) expression resulting in fear disregu-
lation through GABAergic projection neurons in the limbic system, which are not 
seen in a-Tau mice. Our  fi ndings suggest that taurine causes not only varied pheno-
typic pro fi les of emotional fear learning, but are further complicated by the inability 
to associate cues with aversive stimuli due to potential auditory sensory overloading.  
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  Abbreviations  

  aTau    Acute taurine   
  cTau    Chronic taurine   
  ACTC    Auditory cued tone conditioning   
  CC    Context conditioning   
  Cyst    Cysteamine   
  SS    Somatostatin         

    17.1   Introduction 

 Taurine, 2-aminoethane-sulfonic acid, is a sulfur-containing amino acid found in 
relatively high concentrations in the mammalian central nervous system second 
only to glutamate (Huxtable and Peterson  1989  ) . Taurine has been shown to be 
crucial for the early development, survival, and growth of vertebrate neurons (Hayes 
et al.  1975  ) , whereas de fi ciency of taurine can result in neuropathological condi-
tions such as epilepsy (Barbeau et al.  1975 ; Joseph and Emson  1976  ) , mental 
depression (Perry  1976  ) , and the alcohol withdrawal syndrome (Ikeda  1977  ) . 
However, much less is known of mature neurons and taurine physiology. With this 
understanding, taurine research has been directed towards investigating psychophys-
iological conditions, including but not limited to, learning and memory brain 
functions in an effort to determine its role in age-related neuroprotection. However, 
taurine physiology and emotional learning remain to be elucidated. 

 Studies have shown that taurine supplementation given perinatally and continued 
throughout postnatal development may retard learning later in life due to disrup-
tions in neurodevelopmental sensitive/critical periods (Suge et al.  2007  ) . In contrast, 
despite natural age-related declines in GABAergic neurotransmission, supplemen-
tal taurine has been shown to facilitate inhibitory effects on behavior in aged mice 
(Hruska et al.  1975  )  and rats (Barbeau et al.  1975 ; Baskin et al.  1974  )  in addition to 
forestalling cognitive age-dependent declines mediated by neurochemical recovery 
of GABAergic function (El Idrissi  2008  ) . Considering these  fi ndings, taurine not 
only has the potential to be a pharmacotherapy for mediating age-dependent conse-
quences of cognitive decline (El Idrissi  2008  ) , but can also ameliorate neurodevel-
opmental perturbations such as neuronal excitability and reducing hyperarousal via 
similar GABAergic modulation in autistic, epileptic, and anxiety-like disorders 
(Chen et al.  2004 ; El Idrissi et al.  2011 ; El Idrissi et al.  2009 ; El Idrissi and 
L’Amoreaux  2008 ; El Idrissi and Trenkner  2004 ; El Idrissi et al.  2003 ; El Idrissi and 
Trenkner  1999 ; Kong et al.  2006  ) ; thus, requiring additional research on how tau-
rine may also regulate emotionality in a similar manner. 

 Anxiety disorders have been reported to affect between 10 and 30% of the general 
population resulting from neuroendocrine, neurotransmitter, and neuroanatomical 
disruptions (Martin et al.  2009  )  which are further complicated by comorbid 
psychiatric disorders (Wittchen  2002  ) . Excess anxiety can hinder one’s quality of 
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life. Therapeutics for anxiety focus extensively on benzodiazepines to treat the 
spectrum of anxiety disorders despite their well-known side effects such as sedation, 
muscle relaxation, amnesia, and dependence when used acutely (Rickels and 
Schweizer  1997  )  in addition to producing dependency and withdrawal symptoms 
when used chronically (Lydiard et al.  1997  ) . The development of and search for new 
anxiolytic drugs remains as an area of considerable public interest. 

 The GABAergic system plays a crucial role in the regulation of anxiety. Taurine has 
been shown to be an agonist that interacts with GABA 

A
  receptors and mimics the 

actions of GABA (El Idrissi and Trenkner  2004  ) . Previously, El Idrissi et al.  (  2011, 
  2009  )  investigated the effects of chronic versus acute exposure to taurine and its effects 
on anxiety and have shown that FVB/NJ mice given acute taurine (43 mg/kg/s.c. 
[a-Tau]) is anxiolytic, whereas chronic taurine (0.05% w/v for >4 weeks [c-Tau]) pro-
duces an anxiogenic phenotype; thereby demonstrating neurochemical alterations 
induced by differences in physiological concentrations of taurine which can be assessed 
at the behavioral level. Chronic supplementation of taurine has been shown to increase 
glutamate and GABA neurotransmitter levels, the GABA synthesizing enzyme  glu-
tamic acid decarboxylase  (GAD) and the expression of somatostatin immunoreactivity 
in the brains of c-Tau mice (   El Idrissi and Trenkner  2004 ; Levinskaya et al.  2006  ) . 

 Our previous studies (Levinskaya et al.  2006 ; El Idrissi et al.  2005 ; El Idrissi 
et al.  2003  )  have shown c-Tau mice exhibited biochemical changes in the GABAergic 
system similar to those observed in the Fragile X Syndrome mouse, a well-estab-
lished model of genetically induced hyperexcitability, evidenced by the reduction of 
GABA 

A
  receptors, increased GAD expression and a lower threshold for seizure 

induction. Hence, GABA 
A
  receptors play a major role not only in regulating inhibi-

tion but also in explaining the increased seizure susceptibility/hyperexcitability in 
the brain due to a reduction in the expression of GABA 

A
  receptors that mediate 

excitation–inhibition balancing. Increased GAD expression responsible for the syn-
thesis of GABA (i.e., neurotransmitter agonist for GABA 

A
  receptors) was also 

noted. Riback et al.  (  1993  )  proposed that these biochemical changes in GAD syn-
thesis and GABA 

A
  receptor expression in the brain may be compensatory in regulat-

ing the reduced inhibition observed in other models of elevated excitability. 
 Neuronal excitability is a tightly developmentally regulated process (Ben-Ari 

 2002  ) . Synchronized brain oscillations and rhythms are kept within a normal, yet 
narrow range, through feed-forward and -backward inhibitions which are mediated 
by inhibitory interneurons that organize signaling frequencies from the hippocam-
pus to select brain regions (Khalilov et al.  2005  ) . These hippocampal interneurons 
continuously adjust their inhibitory output to match the levels of excitatory input 
from impinging prefrontal cortical neurons that interface with a given circuit and 
across to other circuits such as the amygdala that regulate emotional learning and 
memory (Barad et al.  2006 ; LeDoux  2000 ; LeDoux  1994 ; Orsini and Maren  2012 ; 
Sotres-Bayon et al.  2006  ) . Thus, when there is reduced postsynaptic inhibition, 
feedback from these interneurons causes the presynaptic neurons to increase their 
inhibitory output by releasing more GABA into the synaptic cleft. In the example 
of c-Tau mice, reduced GABA 

A
  receptor expression on postsynaptic membranes 

would induce an increase in GAD synthesis, which in turn, triggers the presynaptic 
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release of GABA increasing its bioavailability in presynaptic terminals (El Idrissi 
et al.  2010 ; El Idrissi and Trenkner  2004  ) . Therefore suggesting, increased GAD 
may represent a secondary response to the direct effects of chronic taurine exposure 
inducing hyperexcitability. In addition, these alterations in neurochemical signaling 
that occur within GABAergic circuits may also disrupt circuitry in the prefrontal 
cortex, hippocampus, and amygdala responsible for emotional learning. 

 In addition to the observed neurochemical changes in the GABAergic system, we 
have also observed compensation of somatostatin (SS) expression in the brains of c-Tau 
mice with evidenced amelioration of some Fragile X Syndrome features in the mouse 
model (El Idrissi et al.  2011 ; El Idrissi et al.  2009  ) . The modi fi cations in SS, an impor-
tant neuropeptide encoded by a single gene, also known as  somatotroph release inhibit-
ing factor  comprises few peptides originating from different posttranslational processing 
of the prepro-somatostatin precursor containing 116 amino acids. Somatostatin can act 
as a neurotransmitter, as well as a neuromodulator with widespread distribution in the 
CNS (Engine and Treit  2009  )  with the highest expression levels in the amygdala 
(Hayashi and Oshima  1986  ) , thus affecting anxiety, depressive, and other emotional 
psychological states. To date only two biologically active somatostatin isoforms have 
been identi fi ed: the tetradecapeptide (SS-14) with its sequence comprising the entire 
C-terminus of the amino-terminally extended octacosapeptide (SS-28). 

 Interestingly, SS-14 and SS-28 are found in the periphery and central nervous 
system, which is predominated by the SS-14 isoform. The relative proportions of 
SS-14 and SS-28 vary among the many SS-expressing tissues. Notably, SS-14 and 
SS-28 display overlapping physiological functions (Krantic et al.  2004  ) . 
Somatostatin, in particular SS-28, has been shown to play a role in mediating emo-
tional regulation of anxiety, depression, and stress through inhibiting the release of 
various regulatory hormones critical for maintaining stable emotional responses 
(Faron-Górecka et al.  2011  ) . In addition, speci fi c effects on serum levels of SS-22 
binding in rats exposed to chronic stress were observed in the medial hebenular 
nucleus, a critical diencephalic structure which bridges the limbic system with the 
fore and midbrain (Faron-Górecka et al.  2011  ) . Moreover, alterations in SS expres-
sion levels in response to stress have been reported in rats to induce neuromodula-
tory effects in multiple brain structures that can cause variable behavioral responses 
as a consequence of stress exposure (Kusmider et al.  2011  ) , thus attesting to the 
importance of SS neuromodulatory in fl uences on emotional learning and memory. 

 We previously reported the role of brain SS and its relationship in in fl uencing 
cognitive function is reversed when mice are treated with injections of cysteamine 
(100 mg/kg/s.c.), a drug which appears to deplete SS selectively and reversibly (El 
Idrissi et al.  2011  ) . The mechanism by which cysteamine reduces SS expression 
levels remains to be elucidated. We suggest that it most likely acts through interac-
tions with the disul fi de bonds of SS, thus rendering the molecule both immunologi-
cally and biologically inactive (El Idrissi et al.  2011  ) . 

 However, administration of supplemental taurine in animal research may vary from 
one experiment to another resulting in different threshold effects on inhibitory behav-
ior in conjunction with age-related factors and model organisms. An exemplar of such 
opposing reports used a postnatal oral supplementation of taurine (0.9% ~1.1 g/kg/day 
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for a month as a chronic exposure) which resulted in impaired learning and memory 
retention on the passive avoidance and psychomotor behaviors in the open  fi eld test 
dose dependently (   Sanberg and Fibiger  1979 ; Sanberg and Ossenkopp  1977  ) . It is 
important to note that the concentration of taurine in the previously mentioned study 
exceeded the 0.05% w/v postnatal concentration used in our previous reports 
(El Idrissi et al.  2011 ; El Idrissi  2008 ; El Idrissi et al.  2009  )  and yielded opposing 
learning and memory results in the passive avoidance test. Therefore, it is possible that 
the concentration of taurine used by Sanberg and Fibiger (1979) and Sanberg and 
Ossenberg  (  1977  )  may have induced reversal effects on inhibitory learning given the 
levels in which their animals were treated chronically in contrast to our reports. 

 Interestingly, we observed in our passive avoidance tests that taurine-treated 
mice exhibited a freezing response that produced ceiling effects in passive avoid-
ance learning (i.e., mice froze in the light chamber without attempting to move hori-
zontally or cross over to the dark chamber where there was an aversive foot shock). 
These results evidence that the mice learned and taurine further improved memory 
and retention when comparing young versus old age mice (El Idrissi  2008  ) ; how-
ever, freezing was not considered to obstruct learning but rather enhanced it. Thus, 
the passive avoidance test was insensitive to separate out any emotional behavioral 
features (i.e., freezing) from the cognitive features (i.e., avoiding crossing over) in 
which learning and memory was previously investigated by our group (El Idrissi 
et al.  2011 ; El Idrissi  2008  ) . Moreover, reports have shown that taurine can also 
induce sedation, analgesia (Baskin et al.  1974  ) , and anti-anxiety effects (Chen et al. 
 2004 ; El Idrissi et al.  2011 ; El Idrissi et al.  2009 ; Kong et al.  2006  )  which creates 
contradictions in assessing utility of avoidance testing given the nature of an electric 
foot shock and taurine dosage (Sanberg and Fibiger 1979; Suge et al.  2007  ) . It has 
been well established that taurine acts as an agonist for GABA 

A
  receptors and 

chronic supplementation of taurine in mice induces neurochemical alterations in the 
inhibitory system (El Idrissi and Trenkner  2004  ) . When evaluating exposure differ-
ences, chronic taurine supplementation results in increased neuronal excitability 
which elicits effects opposite of acute injections of taurine (El Idrissi et al.  2011 ; El 
Idrissi et al.  2009  ) . In an attempt to elucidate the effects of taurine on age, emotional 
memory, aversive foot shock, and exposure, we investigated the neurobehavioral 
effects of a-Tau and c-Tau on aged mice (i.e., 6–7 months) in the auditory cued tone 
(ACTC) and context conditioning (CC) paradigm.  

    17.2   Methods 

    17.2.1   Subjects and Treatment 

 Experimentally naïve FVB/NJ mice were used in these experiments and were 
tested under The College of Staten Island (CUNY) IACUC approval procedures. 
Only males were used in these experiments. The animals were maintained under 
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controlled temperature (24 ± 1 °C) and humidity (55 ± 5%), on a 12-h light (7:00–
17:00 h):12-h dark (17:00–07:00 h) cycle. Food and water were available ad libitium. 
Taurine was either injected acutely (a-Tau: 43 mg/kg/s.c.) 15 min prior to testing 
or supplemented chronically in the drinking water (c-Tau: 0.05% w/v) when the 
mice were 4 weeks of age and continued for 4 months until mice were tested 
between 6 and 7 months old. Subject sample sizes were as follows: Cont  N  = 4, 
a-Tau  N  = 4, and c-Tau  N  = 4. An additional Cont  N  = 4 and c-Tau  N  = 4 were used 
for foot shock dose–response testing to assess sensitivity thresholds as an effect 
of treatment in these experiments. Acutely treated mice were not evaluated due 
to required injections which would otherwise positively in fl uence freezing behav-
ior, as would be the case in using a sham when assessing absolute sensitivity 
threshold for pain.  

    17.2.2   Animal Handling and Testing Acclimation Procedures 

 Mice were handled consistently 1 h per day for 1 week prior to experimentation to 
diminish experimenter effects that could interfere with testing results. At 6–7 months 
of age, mice were brought to a peripheral testing room and remained in the dark 
within their home cage for 1 h under red light (100 W/30 lx) in order to acclimate. 
Post-acclimation mice were individually placed into a transfer cage and brought 
into the adjacent test room in the dark with green ambient light (100 W/23 lx) for 
5 min. After the acclimation to the testing room mice were gently picked up and 
placed into the context fear-conditioning chamber (Med Associates, VT) and testing 
ensued within the green light. Mice were handled, habituated, and tested at the same 
times each day to ensure stability in acquisition and retention performances based 
on circadian rhythms (Chaudhury and Colwell  2002  ) . Animals were also weighed 
daily to determine injection dosage and body weight comparisons between treat-
ment groups. However, no signi fi cant differences in body weight were noted as a 
function of treatment condition.  

    17.2.3   Foot Shock Dose–Response Pain Threshold Sensitization 

 Mice (Cont  N  = 4 and c-Tau  N  = 4) were housed together by treatment condition. Prior 
to testing they were separated into single cages to diminish any observer-related trans-
fer of emotional behavior confounds from the potential demonstrator under study 
(Knapska et al.  2006  ) . Once separated mice were habituated for 10 min prior to test-
ing. Mice were exposed to a foot shock dose–response sensitization test to determine 
pain threshold for selecting the most appropriate criteria for foot shock amperage in 
the subsequent ACTC and fear CC test. Such evaluation is critical in determining 
whether or not a drug treatment, genotype or mouse strain may have variations in 
hypersensitivity to foot shock which may facilitate associative memory as a false-
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positiveeffect, whereas in contrast hyposensitivity may result in a false-negative eval-
uation of associative memory impairment. In this test we scored behavioral observations 
of increasing levels of pain threshold beginning at 0.1–1.0 mA in increments of 
0.1 mA. Mice were placed into the test chamber for 60 s and allowed to freely explore. 
Once this time elapsed, immediately a foot shock was presented for 5 s and the fre-
quency of mice exhibited behaviors were recorded. A 60 s intertrial interval (ITI) was 
provided as a break between aversive test trials. The sequence repeated with an 
increase of 0.1 mA foot shocks up till 1.0 mA. After testing, the mice were then housed 
separately for 24 h to best prevent aggressive behavior towards their cage mates and 
repaired one-by-one the following day. These mice were only used for the foot shock 
pain threshold testing and spared from the subsequent ACTC and fear CC testing to 
eliminate carry over preconditioning effects.  

    17.2.4   Context Fear and Auditory Cued Conditioning 

 A separate group of experimentally naïve mice (Cont  N  = 4, a-Tau  N  = 4, and 
c-Tau  N  = 4) were used for context fear conditioning. Fear conditioning is con-
sidered a valid one-trial test for assessing emotional learning and memory in 
animal models using  Pavlovian  conditioned stimuli immediately preceding an 
aversive stimulus (i.e., electrical shock) (LeDoux  2000 ; Fanselow  1990  ) . Fear 
responding is observed through animal freezing behavior as a measurement of 
learning associative cues with aversive stimuli (Blanchard and Blanchard  1969  ) . 
Freezing is de fi ned in this context as the absence of all movement with the 
exception of respiration (De Oca et al.  1998  ) . The ACTC fear-conditioned stim-
uli in the testing paradigm were adapted from Wehner and Radcliffe  (  2004  )  and 
are as follows: (a)  Day 1 Acquisition Phase : 120 s acclimation, followed by a 
tone emitted for 30 s duration, after 10 s of the tone onset the mice were pre-
sented with a light that illuminated for 10 s then shut off and  fi nally during the 
last 2 s of the tone presentation a 0.5 mA  fl oor grid shock was given for 5 s in 
duration as the unconditioned aversive stimulus. Prior to and following the 
delivery of the shock mice latency to break three infrared beams were measured 
every 10 s for 120 s followed by a 70 s ITI. Four trials were presented during 
day 1 which was considered the learning acquisition phase. (b)  Day 2 Retention 
Phase : Identical testing procedures were administered as in day 1 except that 
there was only one trial which was presented without shock and the latency to 
break the infrared beams were measured every 10 s for 300 s. (c)  Day 3 Altered 
Context Phase : In order to assess the cued speci fi c learning in separation of the 
contextual environment in which training occurred alterations were experimen-
tally manipulated to evaluate fear generalization between CC environment and 
altered (i.e., novel) environment without tone and then with the conditioned 
tone presentation. The  fl oor grids were covered with a smooth black rubber matt 
and a black plexi-glass diagonal divider was inserted into the chamber to 
separate the chamber into two equal triangular compartments. Opposite of the 
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side in which the mice were tested an inaccessible petri dish was placed con-
taining vanilla extract to increase exploratory locomotor behavior in the mice as 
an internal positive test control in the altered environment.  

    17.2.5   Data Analysis 

 In the foot shock dose–response pain threshold sensitization test two observers 
scored the four categories of mice behavior in progressive order which were the 
following:  fl inching, running, jumping, and squealing. Data were taken as manual 
tally counts for each observation in serial order of increasing mA foot shock dur-
ing observations lasting 5 s. The independent scores from both observers were 
analyzed using a Pearson’s product–moment correlation coef fi cient to assess the 
inter-score agreements between behaviors and shock intensities. The context fear 
chamber apparatus has three infrared sensors on each side that permit freezing 
records by measuring the latency to break the infrared beams every 10 s. The data 
were transduced on line during testing using Freeze Monitoring Software MED-
PC-IV ®  software. An excel spreadsheet was generated containing all the parame-
ters speci fi ed. 

 The mean latency to freeze value of the control group during the  fi rst 10 s of 
experimentation was used as a baseline measure. Data from all treatment groups, 
within and between, were normalized against this value using the following for-
mula: ( animal latency to freeze raw data following exposure of auditory cue with 
foot shock  ×  100 / control mean value of  fi rst 10 s exposure to context  = %  time freez-
ing difference from baseline ). This formula was computed for all comparisons of 
baseline verses all experimental manipulations across the 3 day testing paradigm for 
relative comparisons of auditory cued fear conditioning and taurine treatment effects 
on emotional learning and memory. 

 Day 2 retention data were compared against the trial 4 data from day 1. Retention 
data comparisons were made by normalizing day 1 trial 4 data against day 2 retention 
data using the following formula: ( animal latency to freeze raw data from day 2 trial 
1 following exposure of auditory cue without foot shock  ×  100 / control mean value of 
 fi rst 10 s following exposure of auditory cue with foot shock from day 1 trial 4  = % 
 time freezing difference of auditory cued conditioned retention from acquisition ). 

 Day 3 altered context data were compared against itself in the presence or absence 
of a fear-conditioned auditory cue. Altered context data comparisons were made by 
normalizing day 3 altered context data against day 3 altered context with fear-
conditioned auditory cue data using the following formula: ( animal latency to freeze 
raw data from day 3 trial 1 following exposure of an auditory cue in altered con-
text  ×  100 / control mean value of  fi rst 10 s exposure to altered context  = %  time freez-
ing difference from baseline ).  



20317 Taurine Effects on Emotional Learning and Memory in Aged Mice...

    17.2.6   Statistical Analyses 

 All data were post-analyzed off line and statistics were computed in  Statistica  
V. 6.1 (Statsoft, Inc. Tulsa, OK). The foot shock dose–response pain threshold 
sensitization data were conducted using a Pearson’s product–moment correlation 
coef fi cient to assess the inter-score agreements between observers for behavior and 
shock intensity relationships and multifactorial repeated measures ANOVA to 
identify treatment, condition, and treatment × condition interaction effects. 
Signi fi cant differences were determined by Duncan’s post hoc comparisons test. 
The ATCT and fear CC data were analyzed using a repeated measure ANOVA to 
identify treatment, condition, and treatment × condition interaction effects. 
Signi fi cant differences were determined by Tukey’s HSD post hoc comparisons 
test. Signi fi cance levels were set at alpha 0.05 with a con fi dence level of 95%. Data 
are presented as mean ± SEM.   

    17.3   Results 

    17.3.1   Chronic Taurine Treatment Increases Sensitivity to Pain 

 Results taken from the two independent observers revealed a positive correlation 
between behavioral observations and shock intensity ( r  = 0.98). In the foot shock 
dose–response pain threshold sensitization test control mice exhibited a steady 
increase (0.1–0.3 mA) and declination of  fl inching behavior (0.4–1.0 mA) as a func-
tion of increasing foot shock intensity (Fig.  17.1a ). In comparison, control exhibited 
a linear increase in running (0.3–0.5 mA), jumping (0.3–0.5 mA), and squealing 
(i.e., 0.3–0.6 mA) followed by variable responses at intensities above 0.5 mA 
(Fig.  17.1b–d ). In contrast, c-Tau mice were less sensitive to exhibit  fl inching 
between 0.1 and 0.5 mA (Fig.  17.1a ), whereas they were more sensitive to running 
and squealing between 0.3 and 0.5 mA (Fig.  17.1b, d ) and were not different with 
respect to jumping behaviors (Fig.  17.1c ). At a shock intensity of 0.3 mA separation 
of c-Tau mice being more sensitive to pain was observed evidenced by a leftward 
shift in pain sensitivity from controls (Fig.  17.1b, c ) were noted to be statistically 
signi fi cant for running (* p  < 0.02) and squealing behaviors (** p  < 0.01). Controls 
were noted to be more sensitive to  fl inching at 0.3 mA than c-Tau mice (** p  < 0.01) 
(Fig.  17.1a ), but would require higher shock intensities to elicit running, jumping, 
and squealing behaviors, which evidences a higher threshold to pain when com-
pared to c-Tau mice (Fig.  17.1b–d ).  

 Our observations indicated that using a foot shock stimulus intensity between 0.2 
and 0.4 mA would create bias towards a greater sensitization of fear when subject-
ing c-Tau mice to the context fear test more than controls; thus, causing a false-
positive detection in enhancement of fear learning not related to the context, but 
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rather induced by the treatment effects to foot shock alone. In order to avoid such 
errors when discriminating treatment versus experimental effects and fear learning 
outcomes we decided to use the 0.5 mA foot shock intensity since behavioral 
differences at this level were negligible, but yet equally responsive to pain sensitivity 
(i.e., represented as the dotted vertical line in all graphs in Fig.  17.1a–d ). In addi-
tion, foot shock intensities above 0.5 mA were more variable which would also 
hinder appropriate detection of experimental outcomes when inferring emotional 
learning and memory. Therefore, in determining the most appropriate parameters 
for the context fear test we selected the 0.5 mA aversive shock intensity since it 
allows for clear discrimination between treatment and experimental conditions to be 
observed without any pain hypersensitivity, or ceiling effect bias (Wehner and 
Radcliffe  2004 ; De Oca et al.  1998  ) .  
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  Fig. 17.1    c-Tau have increased sensitivity pain threshold to aversive foot shock. Comparison of 
control vs. c-Tau mice pain sensitivity as a function of increased shock intensity (i.e.,  dotted verti-
cal line  indicates determination point of optimum test parameters reducing treatment effect bias). 
( a ) Shows control mice having a higher sensitivity to  fl inching behavior and ( b – d ) requires greater 
foot shock intensities to elicit running, jumping, and squealing behaviors. In contrast, c-Tau mice 
are less sensitive to  fl inching ( a ) and more sensitive to running and squealing behavior ( b – d ), 
whereas both groups show no differences in jumping in response to increased foot shock ( c ). 
Statistical values are representative of a MANOVA with Duncan’s post hoc test alpha level 0.05% 
( p  < 0.05*,  p  < 0.01**, and  p  < 0.001***)       
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    17.3.2   Context Fear-Conditioned Anxiolytic and Anxiogenic 
Effects in Taurine Exposed Mice in Response to Aversive 
Stimuli and Not Its Paired Associations 

 Mice were subjected to context fear conditioning as described above. On day 1 after 
4 trials of pairing the sound and light (i.e., conditioning stimuli—CS) with aversive 
foot shock (i.e., the unconditioned stimulus—UCS) mice learned to exhibit an 
unconditioned response (UCR) to the aversive foot shock and a conditioned response 
(CR) to the paired associations of sound and light which preceded the presentation 
of the foot shock. On trial 1 of learning acquisition trials both a-Tau and c-Tau mice 
froze signi fi cantly more than controls (*** p  < 0.001). No differences were noted in 
trial 2 and 3, but at trial 3 all treatment groups freezing responses were signi fi cantly 
different from trial 1 evidencing fear acquisition learning occurring as a function of 
repeated exposures (Cont ***, a-Tau †††, c-Tau ###,  p  < 0.001). Notably, at trial 4 
a-Tau mice exhibited an anxiolytic phenotype with a reduction in freezing behavior 
(††† p  < 0.001), whereas c-Tau mice exhibited an anxiogenic phenotype with an 
increase in freezing behavior (### p  < 0.001) when compared to opposing taurine 
treatment respectively (Fig.  17.2 ). On trial 4, a-Tau mice were noted to have a near 
onefold reduction in freezing behavior during fear acquisition learning, whereas 
c-Tau mice had approximately a onefold increase in freezing behavior (Fig.  17.3 ). 
This suggests that c-Tau mice are hypersensitive to aversive stimuli which corrobo-
rates with previous reports of hyperarousal when treated with taurine chronically 
(Chen et al.  2004 ; El Idrissi et al.  2011 ; El Idrissi et al.  2009 ; El Idrissi and 
L’Amoreaux  2008 ; El Idrissi and Trenkner  2004 ; El Idrissi et al.  2003 ; El Idrissi and 
Trenkner  1999 ; Kong et al.  2006  ) .    

    17.3.3   Taurine Treated Mice Have Selective Responsiveness 
to Aversive Stimuli and Not Their Paired Associations 

 Following day 1 test procedures mice were reexposed to the same experimental 
parameters 24 h later with the exception of the aversive foot shock to assess their 
retention of fear acquisition learning in response to the learned paired stimuli (i.e., 
sound and light-CS). The results of day 1 fear acquisition learning evidenced a 
taurine effect on the mice UCR freezing behavior based on number of exposures 
when presented with an aversive stimulus. Retention assessment 24 h later revealed 
that as a function of age all groups were observed to have a reduction in CR freezing 
behavior in the absence of the aversive foot shock when compared to baseline freez-
ing behaviors from the control group (i.e., data in the CR condition shown below the 
horizontal dotted line as a baseline marker). In addition, the fear retention mice 
behavior (i.e., CR) from control, a-Tau, and c-Tau mice were signi fi cantly different 
from control mice fear acquisition learning (i.e., UCR) (*** p  < 0.001). Interestingly, 
the c-Tau mice fear acquisition behavior (i.e., UCR) was also signi fi cantly different 
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from the retention behavior (i.e., CR) of control, a-Tau, and c-Tau mice, respectively 
(### p  < 0.001); however, it is important to note that a-Tau mice exhibited no differ-
ence between learning acquisition and retention (Fig.  17.4 ). These data implicate 
that in both a-Tau and c-Tau mice taurine facilitated the preservation of the 
GABAergic system in contrast to control mice forestalling the age-dependent 
decline in GABAergic circuits that mediate this fear learning and behavioral 
response which are consistent with previous reports (Barbeau et al.  1975 ; Baskin 
et al.  1974 ; El Idrissi  2008 ; Hruska et al.  1975  ) . Moreover, these data suggest that 
taurine-treated mice do not respond to contextually familiar environments (i.e., CC) 
in which learned conditioned stimuli (i.e., CS) were paired with an aversive stimulus 
(i.e., UCS); thus, taurine mice present with stimulus selectivity learning pro fi les in 
which taurine is most sensitive to aversive consequences and chronicity of exposure 
further enhances this behavioral effect.   

Context Fear Conditioning: Trial-by-Trial Fear Acquisition Learning
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  Fig. 17.2    Fear acquisition learning curves in response to taurine treatment. Mice treated with 
taurine after initial exposure show an increased freezing response to the aversive stimulus when 
compared to control mice (*** p  < 0.001).  Horizontal dotted line  represents baseline level of 
Control mice prior to stimulus presentation. After the second exposure no signi fi cant differences 
in freezing behavior as an effect of treatment are noted; however, there begins to be a separation in 
the effects of a-Tau vs. c-Tau mice freezing responses. Following the third exposure all treatments 
are statistically signi fi cant from trial one (Cont ***, a-Tau †††, c-Tau ###,  p  < 0.001) evidencing 
learned fear in all groups. After the fourth trial a statistically signi fi cant difference in freezing 
behaviors were observed between a-Tau and c-Tau mice (†††, ###,  p  < 0.001) but not when com-
pared to controls. This suggests that controls may have dif fi culty with fear acquisition learning as 
a decline in cognitive functioning as a consequence of age and that taurine exposure facilitate 
learning and memory of emotional fear. Statistical values are representative of a repeated measure 
ANOVA with Tukey’s HSD post hoc test alpha level 0.05%       
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    17.3.4   Taurine Increases Fear Responding to Learned Auditory 
Cue in Novel Rather than Contextually Familiar 
Environments 

 The following day (i.e., 36 h from initial fear acquisition training) mice were 
exposed to an altered version of the test chamber. The  fl oor was covered with a soft 
rubber black matt to alter the tactile  fl oor stimuli from the metal foot shock bars. 
The chamber, initially square, was now divided into two equal triangular shapes 
using a black plexi-glass divider. In the inaccessible triangular zone a petri-dish 
was  fi lled with vanilla extract to increase locomotor behavior to explore this novel 
olfactory cue as an experimental control, while freezing behavior data was col-
lected as a new baseline within this novel altered context. Once the new baseline 
data were established mice were presented with a tone for 180 s to assess the audi-
tory cues in fl uence on freezing behavior in the novel altered context. This type of 
testing allows for cued trace memory of the previously learned associations (i.e., 
CS) with the aversive stimulus that would, in turn, elicit freezing behavior (i.e., 
CR) in the mice if fear acquisition learning was uninterrupted. 

  Fig. 17.3    Anxiolytic and anxiogenic effects of taurine in context fear conditioning fear acquisi-
tion learning. Mice treated with taurine, dependent upon duration of exposure reveal different 
phenotypes when tested for fear learning in response to an aversive stimulus.  Horizontal dotted 
line  represents baseline level of control mice prior to stimulus presentation. We observed that 
a-Tau mice are anxiolytic, whereas c-Tau mice are anxiogenic. These  fi ndings corroborate with our 
previous reports when assessing anxiety levels as a function of taurine treatment (i.e., acute vs. 
chronic). This suggests that c-Tau mice are hypersensitive to aversive stimuli which corroborates 
with previous reports of hyperarousal when treated with taurine chronically. Statistical values are 
representative of a repeated measure ANOVA with Tukey’s HSD post hoc test alpha level 0.05% 
( p  < 0.001 ###)       
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 We observed that in the novel altered context both a-Tau and c-Tau mice exhibit 
slightly elevated freezing behaviors than control mice, but they were neither statisti-
cally signi fi cant from control mice nor different from the type of taurine treatment 
(Fig.  17.5 ). In contrast, when presented with the auditory tone control mice freezing 
behavior increased from baseline, as did the taurine-treated mice. In response to the 
tone both a-Tau and c-Tau mice exhibited a signi fi cant increase in freezing behavior 
when compared to their own baseline rates of freezing (a-Tau †††, c-Tau ### 
 p  < 0.001) (Fig.  17.5 ). However, only c-Tau mice exhibited a signi fi cant difference 
in freezing behavior from control mice in response to the tone (** p  < 0.01) 
(Fig.  17.5 ). This suggests that c-Tau mice may be hypersensitive to auditory stimuli 
consistent with previous reports (Chen et al.  2004 ; El Idrissi et al.  2011 ; El Idrissi 
et al.  2009 ; El Idrissi and L’Amoreaux  2008 ; El Idrissi and Trenkner  2004 ; El Idrissi 
et al.  2003 ; El Idrissi and Trenkner  1999 ; Kong et al.  2006  ) .    

  Fig. 17.4       Taurine-treated mice have selective responsiveness to aversive stimuli and not its paired 
associations.  Horizontal dotted line  represents baseline level of control mice prior to stimulus 
presentation. The decline in control mice retention of learned fear may be due to a decline in cogni-
tive functions as a consequence of age due to reduced activity of the GABAergic neuronal circuits 
mediating this behavioral response (Cont ***  p  < 0.001). Interestingly, taurine treatment, whether 
acute or chronic, preserves the retention of fear learning and memory 24 h later when compared to 
controls. We observed that control and c-Tau mice have signi fi cant differences in fear acquisition 
learning when compared to all treatment groups with respect to fear retention (Cont ***  p  < 0.001 
and c-Tau ###  p  < 0.001). Mice treated with taurine show improved retention in fear acquisition 
learning 24 h in contrast to control mice ( a-Tau ***  p  <0.001 and c-Tau **  p  < 0.05). Notably, 
there are no differences observed in the effect of a-Tau on fear acquisition learning vs. retention. 
Statistical values are representative of repeated measures ANOVA with Tukey’s HSD post hoc test 
alpha level 0.05%       
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    17.4   Discussion 

 Our study was aimed at elucidating the effects of taurine on age, emotional learning 
and memory, aversive foot shock sensitivity, and behavioral responses in the ACTC 
and context conditioning CC paradigm. Taurine has shown to produce two opposing 
behavioral phenotypes: an anxiolytic behavioral signature in response to a-Tau and 
an anxiogenic behavioral signature in response to c-Tau. It is noteworthy to mention 
that the stress of the aversive foot shock in these studies may enhance the distinct 
behavioral phenotypes when compared to non-aversive anxiety assessments (El Idrissi 
et al.  2009  )  while also corroborating with parallel reports on aversive learning tests 

  Fig. 17.5    Taurine increases fear responding to learned auditory cue in novel rather than contextu-
ally familiar environments. Mice treated with taurine show slightly elevated freezing behavior to 
the novel altered context when compared to controls, but they are not statistically different. When 
presented with a tone in the novel environment all treatment conditions increase in freezing behav-
ior. However, only a-Tau and c-Tau mice freezing behavior were signi fi cantly different from base-
line without tone when compared to with tone (a-Tau †††, c-Tau ###,  p  < 0.001). Control mice 
freezing behavior were different from c-Tau mice (** p  < 0.01) when presented with the tone, but 
a-Tau mice were not different from neither control nor c-Tau mice. The reduced responsiveness by 
the control mice to the tone in the novel altered environment may be due to contextually environ-
ment speci fi c learning having a greater effect than auditory stimuli alone. In contrast, both taurine-
treated mice showed reduced responsiveness to familiar contextual environment (i.e., CC)    and 
enhanced responsiveness to auditory stimuli in novel altered environments. This suggests that 
c-Tau mice may be hypersensitive to auditory stimuli consistent with previous reports and hyper-
aroused to novel environments. Statistical values are representative of a repeated measure ANOVA 
with Tukey’s HSD post hoc test alpha level 0.05%       
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(El Idrissi et al.  2011 ; El Idrissi  2008  ) . Peripheral SS signaling in the A- d  myelinated 
and C unmyelinated nerve  fi bers, along with many other neuromodulators in 
response to painful aversive stimuli, may also play a critical role in transmitting 
nociceptive signals from the PNS to CNS under such learning and memory tests 
(Besson  1999  ) . 

 In addition, to these bottom up in fl uences on neuronal signaling, the brain can 
also in fl uence both animal and human responsiveness to pain through many descend-
ing pathways with indirect effects on perception of pain through more complex top-
down processing (McLay et al.  2001  ) . Such neuromodulatory in fl uence of SS on 
passive and active avoidance learning have shown hippocampal impairments 
(Matsuoka et al.  1994 ; Vecsei and Widerlov  1990 ; Vecsei et al.  1989  )  and further 
prevents learning and retention when pretreated with cysteamine (cyst) a selective 
somatostatin-depleting substance (El Idrissi et al.  2011 ; Schettini et al.  1998 ; DeNoble 
et al.  1989 ; Haroutunian et al.  1987 ; Baskhit and Swerdlow  1986 ; Szabo and Reichlin 
 1981  ) . Moreover, somatostatin has been shown to play a critical role in impairing 
acquisition of context fear memory and reduces LTP in hippocampal CA1 evidenced 
by SST −/−  mice and wild-type mice treated with cyst dose-dependently (i.e., 50 and 
150 mg/kg) prior to training (Kluge et al.  2008  ) . Interestingly, such elimination of SS 
does not impair auditory tone learning and post-training administration of SS induces 
nonspeci fi c enhancements of fear response (Kluge et al.  2008  ) . Thus, somatostatin 
appears to shape critical activity patterns between the frontal cortex, amygdala, and 
hippocampus modulating the formation, consolidation, and retention of fear with 
emphasis for contextual parameters. 

 In our model of c-Tau mice, we have shown increased SS expression which may 
enhance cognitive abilities in some learning and memory tests (El Idrissi et al. 
 2009  ) . However, when considering the aversive test parameters (i.e., foot shock) 
one must be careful in interpreting such effects of fear induced learning. Taurine 
increased fear acquisition learning in aged mice when treated chronically, whereas 
acute exposure had limited negligible effects on performance. In addition, c-Tau 
and a-Tau mice exhibited similar freezing responses when tested for retention 
learning in the absence of the foot shock evidencing contextual disruption 24 h 
prior. Notably, a-Tau and c-Tau mice had intact tone fear learning and c-Tau mice 
freezing behavior was enhanced when compared to controls. Consistent with our 
previous reports on the alterations of the GABA 

AR
  expression levels when treated 

with taurine chronically (El Idrissi et al.  2005  ) , Van Nobelen and Kokkinidis  (  2006  )  
reported that aversive foot shock associated arousal and learning are mediated 
through GABA amygdaloid neurotransmission and not glutamate; thus if GABA 

AR
  

expression and GAD synthesis are increased in response to chronic taurine treat-
ment, this will enhance GABA neurotransmission resulting in enhanced fear learn-
ing and arousal sensitivity to foot shocks. In addition, we suggest that the increased 
levels of cyst and SS in c-Tau mice may have drastic effects on learning and mem-
ory based on bioavailability and turnover of these two compounds. These  fi ndings 
parallel those of Kluge et al.  (  2008  )  showing similar results in the context fear 
paradigm with cysteamine treatment and SST −/−  mice.  
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    17.5   Conclusion 

 Our data suggests that stress-induced taurine differences, either acute or chronic, 
have opposing aversive conditioning pro fi les. Consistent with our previous  fi ndings 
(El Idrissi et al.  2011 ; El Idrissi et al.  2009 ; El Idrissi and L’Amoreaux  2008 ; El 
Idrissi and Trenkner  2004 ; El Idrissi et al.  2003 ; El Idrissi and Trenkner  1999  ) , we 
suggest that acute taurine exposure produces less fear and increased inhibition, 
whereas chronic taurine exposure produces increased fear and decreased inhibition 
to aversive stimuli. Interestingly, once aversive learning is evoked mice become 
hypersensitive to novel environments. Taurine levels in the brain have been sug-
gested to increase in response to stressors as a neuroprotective mechanism to pre-
vent hyperexcitability (Riback et al.  1993 ; Suge et al.  2007  ) . However, we propose 
that chronic taurine supplementation increases the accumulation of cysteamine, 
which in turn, depletes somatostatin expression resulting in disregulation of fear 
inhibition through GABAergic projection neurons in the amygdala and periaque-
ductal gray areas, thus resulting in the exaggerated freezing response observed in 
our study. Interestingly, these effects are not seen with acute taurine exposure and 
may be different in younger mice with more optimal cognitive functions. These 
 fi ndings suggest that taurine causes not only varied phenotypic pro fi les of emotional 
fear induced learning, but are further complicated by the inability to associate cues 
with aversive stimuli due to potential sensory overloading consistent with our paral-
lel mouse model of hyperexcitability/hyperarousal within the Fragile X Syndrome.      

  Acknowledgments   This work was supported by PSC-CUNY and CSI. We would like to thank 
the Louis Stokes Alliance for Minority Participation (LSAMP-NSF) and the CSI-CSTEP program 
for supporting author L.S. Neuwirth. We would also like to acknowledge Michael Johnson Jr. for 
assistance with collecting and analyzing the behavior data.  

   References 

    Baskhit C, Swerdlow N (1986) Behavioral changes following central injection of cysteamine in 
rats. Brain Res 365:159–163  

    Barad M, Gean PW, Lutz B (2006) The role of the amygdala in the extinction of conditioned fear. 
Biol Psychiatry 60:322–328  

    Barbeau A, Inoue N, Tsukada Y, Butterworth RF (1975) The neuropharmacology of taurine. Life 
Sci 17(5):669–677  

    Baskin SI, Hinkamp DL, Marquis WJ, Tilson HA (1974) Effects of taurine on psychomotor activity 
in the rat. Neuropharmacology 13(7):591–594  

    Ben-Ari Y (2002) Excitatory actions of GABA during development: the nature of the nurture. Nat 
Rev Neurosci 3(9):728–739  

    Besson JM (1999) The neurobiology of pain. Lancet 353:1610–1615  
    Blanchard RJ, Blanchard DC (1969) Crouching as an index of fear. J Comp Physiol Psychol 

67:370–375  
    Chaudhury D, Colwell CS (2002) Circadian modulation of learning and memory in fear-conditioned 

mice. Behav Brain Res 133:95–108  



212 L.S. Neuwirth et al.

    Chen SW, Kong WX, Zhang YJ, Li YL, Mi XJ, Mu XS (2004) Possible anxiolytic effects of 
taurine in the mouse elevated plus maze. Life Sci 75(12):1503–1511  

    DeNoble VJ, Helper DJ, Barto RA (1989) Cysteamine-induced depletion of somatostatin produces 
differential cognitive de fi cits in rats. Brain Res 482:42–48  

    De Oca BM, DeCola JP, Maren S, Fanselow MS (1998) Distinct regions of the periaqueductal gray 
are involved in the acquisition and expression of defensive responses. J Neurosci 
18:3426–3432  

    El Idrissi A, Iskra BS, Neuwirth LS (2011) Neurobehavioral effects of taurine in Fragile X 
syndrome. In: El Idrissi A, L’Amoreaux WJ (eds) Taurine in health and disease, vol 644. 
Plenum Press, New York, pp 306–345  

    El Idrissi A, Neuwirth LS, L’Amoreaux WL (2010) Taurine regulation of short term synaptic 
plasticity in Fragile X mice. J Biomed Sci 17(Suppl 1):S15  

    El Idrissi A, Boukarrou L, Heany W, Malliaros G, Sangdee C, Neuwirth LS (2009) Effects of 
taurine on anxiety-like and locomotor behavior of mice. In: Azuma J, Schaffer SW, Takashi I 
(eds) Taurine 7: taurine for the future healthcare, vol 643. Springer, New York, pp 207–215  

    El Idrissi A (2008) Taurine improves learning and retention in aged mice. Neurosci Lett 
436:19–22  

    El Idrissi A, L’Amoreaux WJ (2008) Selective resistance of taurine-fed mice to isoniazid-potentiated 
seizures: in vivo functional test for the activity of glutamic acid decarboxylase. Neuroscience 
156(3):693–699  

    El Idrissi A, Ding X-H, Scalia J, Trenkner E, Brown WT, Dobkin C (2005) Decreased GABAA 
receptor expression in the seizure-prone fragile X mouse. Neurosci Lett 377:141–146  

    El Idrissi A, Trenkner E (2004) Taurine as a modulator of excitatory and inhibitory neurotransmis-
sion. Neurochem Res 29:189–197  

   El Idrissi A, Messing J, Scalia J, Trenkner E (2003) Prevention of epileptic seizures through 
taurine. In: Lombardini JB, Schaffer SW, Azuma J (eds) Taurine 5 beginning the 21st century, 
Adv Exp Med Biol, Kluwer Press, New York, 526, pp 515–525  

    El Idrissi A, Trenkner E (1999) Growth factors and taurine protect against excitotoxicity by 
stabilizing calcium homeostasis and energy metabolism. J Neurosci 19:9459–9468  

    Engine E, Treit D (2009) Anxiolytic and antidepressant actions of somatostatin: the role of sst2 
and sst3 receptors. Psychopharmacology (Berl) 206:281–289  

    Fanselow MS (1990) Factors governing one-trial contextual conditioning. Anim Learn Behav 
18:264–270  

    Faron-Górecka A, Kusmider M, Zurawek D, Gaska M, Gruca P, Papp M, Dziedzicka-Wasylewska 
M (2011) P.1.028 Serum levels of somatostatin-28 and its binding sites in medial habenular 
nucleus differentiate rats responding and non responding to chronic mild stress. Eur 
Neuropsychopharmacol 21:S131–S132. doi:10.1016/S0924-977X(11)70151-1  

    Haroutunian V, Mantin R, Campbell GA, Tsuboyama GK, Davis KL (1987) Cysteamine-induced 
depletion of central somatostatin-like immunoactivity: effects on behavior, learning, memory, 
and brain neurochemistry. Brain Res 403:234–242  

    Hayashi M, Oshima K (1986) Neuropeptides in cerebral cortex of macaque monkey (Macaca 
fuscata fuscata): regional distribution and ontogeny. Brain Res 364:360–368  

    Hayes KC, Carey SY, Schmidt SY (1975) Retinal degeneration associated with taurine de fi ciency 
in the cat. Science 188(4191):949–951  

    Hruska RE, Thut PD, Huxtable RJ, Bressler R (1975) Suppression of conditioned drinking by 
taurine and related compounds. Pharmacol Biochem Behav 3(4):593–599  

    Huxtable RJ, Peterson A (1989) Sodium-dependent and sodium-independent binding of taurine to 
rat brain synaptosomes. Neurochem Int 14(1):79–84  

    Ikeda HC (1977) Effects of taurine on alcohol withdrawal. Lancet 2(8036):509  
    Joseph MH, Emson PC (1976) Taurine and cobalt induced epilepsy in the rat: a biochemical and 

electrocorticographic study. J Neurochem 27:1495–1501  
    Khalilov I, Le Van Quyen M, Gozlan H, Ben-Ari Y (2005) Epileptogenic actions of GABA and 

fast oscillations in the developing hippocampus. Neuron 48:787–796  



21317 Taurine Effects on Emotional Learning and Memory in Aged Mice...

    Kluge C, Stoppel C, Szinyei C, Stork O, Pape HC (2008) Role of the somatostatin system in 
contextual fear memory and hippocampal synaptic plasticity. Learn Mem 4:252–260  

    Knapska E, Nikolaev E, Boguszewski P, Walasek G, Blaszczyk J, Kaczmarek L, Werka T (2006) 
Between-subject transfer of emotional information evokes speci fi c pattern of amygdala 
activation. Proc Natl Acad Sci U S A 103(10):3858–3862  

    Kong WX, Chen SW, Li YL, Zhang YJ, Wang R, Min L, Mi X (2006) Effects of taurine on rat 
behaviors in three anxiety models. Pharmacol Biochem Behav 83(2):271–276  

    Krantic S, Goddard I, Saveanu A, Giannetti N, Fombonne J, Cardoso A, Jaquet P, Enjalbert A 
(2004) Novel modalities of somatostatin actions. Eur J Endocrinol 151:643–655  

    Kusmider M, Faron-Górecka A, Zurawek D, Gaska M, Gruca P, Papp M, Dziedzicka-Wasylewska 
M (2011) P.1.029 Alterations in somatostatin binding sites in brains of rats subjected to chronic 
mild stress. Eur Neuropsychopharmacol 21:S132. doi:10.1016/S0924-977X(11)70152-3  

    LeDoux JE (2000) Emotion circuits in the brain. Annu Rev Neurosci 23:155–184  
    LeDoux JE (1994) Emotion, memory and the brain. Sci Am 270:50–57  
    Levinskaya N, Trenkner E, El Idrissi A (2006) A Increased GAD-positive neurons in the cortex of 

taurine-fed mice. Adv Exp Med Biol 583:411–417  
   Lydiard RB, Ballenger JC, Rickles K, for the Abecarmil Work Group. (1997) A double-blind 

evaluation of the safety and ef fi cacy of abecarmil, alprazolam and placebo in outpatients with 
generalized anxiety disorder. J. Clin. Psychiatry 58:11–18  

    Martin EI, Ressler KJ, Binder E, Nemeroff CB (2009) The neurobiology of anxiety disorders: 
brain imaging, genetics, and psychoneuroendocrinology. Psychiatr Clin North Am 
32:549–575  

    Matsuoka N, Maeda N, Yamaguchi I, Satoh M (1994) Possible involvement of brain somatostatin 
in the memory formation of rats and cognitive enhancing action of FR121196 in passive avoid-
ance task. Brain Res 642:11–19  

    McLay RN, Pan W, Kastin AJ (2001) Effects of peptides on animal and human behavior: a review 
of studies published in the  fi rst twenty years of the journal Peptides. Peptides 22:2181–2255  

    Orsini CA, Maren S (2012) Neural and cellular mechanisms of fear and extinction memory forma-
tion. Neursci Biobehav Rev 2012(36):1773–1802  

   Perry TL (1976) Hereditary mental depression with taurine de fi ciency: further studies, including a 
therapeutic trial of taurine administration. In: Huxtable R, Barbeau A (eds) Taurine, Adv Exp 
Med Biol, Raven Press, New York, 526, pp 365–374  

    Riback CE, Lauterborn JC, Navetta MS, Gall CM (1993) The inferior colliculus of GEPRs 
contains greater numbers of cells that express glutamate decarboxylase (GAD67) mRNA. 
Epilepsy Res 14:105–113  

    Rickels K, Schweizer E (1997) The clinical presentation of generalized anxiety in primary-care 
setting: practical concepts of classi fi cation and management. J Clin Psychiatry 58:4–9  

    Sanberg PR, Fibiger HC (1979) Impaired acquisition and retention of a passive avoidance 
response after chronic ingestion of taurine. Psychopharmacology 29(62)1:97–99  

    Sanberg PR, Ossenkopp KP (1977) Dose-response effects on some open- fi eld behaviors in the rat. 
Psychopharmacology (Berl) 53(2):207–209  

    Schettini G, Florio T, Magri G, Grimaldi M, Meucci O, Landol fi  E, Marino A (1998) Somatostatin 
and SMS 201-995 reverse the impairment of cognitive functions induced by cysteamine deple-
tion of brain somatostatin. Eur J Pharmacol 151:399–407  

    Sotres-Bayon F, Cain CK, LeDoux JE (2006) Brain mechanisms of fear extinction: historical 
perspectives on the contribution of prefrontal cortex. Biol Psychiatry 60:329–336  

    Suge R, Nobuo H, Furube M, Yamamoto T, Hirayama A, Hirano S, Nomura M (2007) Speci fi c 
timing of taurine supplementation affects learning ability in mice. Life Sci 81:1228–1234  

    Szabo S, Reichlin S (1981) Somatostatin in rat tissues is depleted by cysteamine administration. 
Endocrinology 109:2255–2257  

    Van Nobelen M, Kokkinidis L (2006) Amygdaloid gaba, not glutamate neurotransmission mRNA 
transcription controls foot-shock associated arousal in the acoustic startle paradigm. 
Neuroscience 137:707–716  



214 L.S. Neuwirth et al.

    Vecsei L, Widerlov E (1990) Preclinical and clinical studies with cysteamine and pantethine related 
to the central nervous system. Prog Neuropsychopharmacol Biol Psychiatry 14:835–862  

    Vecsei L, Pavo I, Zsigo J, Penke B, Widerlov E (1989) Comparative studies of somatostatin-14 and 
some of its fragments on passive avoidance behavior, open  fi eld activity and on barrel rotation 
phenomenon in rats. Peptides 10:1153–1157  

    Wehner JM, Radcliffe RA (2004) Cued and contextual fear conditioning in mice. Behav Neurosci 
27:8.5C.1–8.5C.14  

    Wittchen HU (2002) Generalized anxiety disorder: prevalence, burden, and cost to society. Depress 
Anxiety 16:162–171      



215A. El Idrissi and W.J. L’Amoreaux (eds.), Taurine 8, Advances in Experimental 
Medicine and Biology 775, DOI 10.1007/978-1-4614-6130-2_18, 
© Springer Science+Business Media New York 2013

  Abstract   Alcohol misuse and addiction is a worldwide problem causing enormous 
individual suffering as well as  fi nancial costs for the society. To develop pharmaco-
logical means to reduce suffering, we need to understand the mechanisms underly-
ing the effects of ethanol in the brain. Ethanol is known to increase extracellular 
levels of both dopamine and taurine in the nucleus accumbens (nAc), a part of the 
brain reward system, but the two events have not been connected. In previous stud-
ies we have demonstrated that glycine receptors in the nAc are involved in modulat-
ing both basal- and ethanol-induced dopamine output in the same brain region. By 
means of in vivo microdialysis in freely moving rats we here demonstrate that the 
endogenous glycine receptor ligand taurine mimics ethanol in activating the brain 
reward system. Furthermore, administration of systemic ethanol diluted in an iso-
tonic (0.9% NaCl) or hypertonic (3.6% NaCl) saline solution was investigated with 
respect to extracellular levels of taurine and dopamine in the nAc. We found that 
ethanol given in a hypertonic solution, contrary to an isotonic solution, failed to 
increase concentrations of both taurine and dopamine in the nAc. However, a mod-
est, non-dopamine elevating concentration of taurine in the nAc disclosed a dop-
amine elevating effect of systemic ethanol also when given in a hypertonic solution. 
We conclude that the elevations of taurine and dopamine in the nAc are closely 
related and that in order for ethanol to induce dopamine release, a simultaneous 
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increase of extracellular taurine levels in the nAc is required. These data also  provide 
support for the notion that the nAc is the primary target for ethanol in its dopamine-
activating effect after systemic administration and that taurine is a prominent par-
ticipant in activating the brain reward system.  

  Abbreviations  

  nAc    Nucleus accumbens   
  GlyR    Glycine receptor   
  VTA    Ventral tegmental area   
  nAChR    Nicotinic acetylcholine receptor   
  DA    Dopamine         

    18.1   Introduction 

 Alcoholism is a worldwide chronic disease causing enormous individual suffering as well 
as socioeconomic costs. The underlying mechanism for development of this disabling 
disease remains unknown, which is why it is of great importance to study the actions of 
alcohol in the brain in order to  fi nd potential new targets for treating alcohol addiction. 

 Alcohol, as well as other drugs of abuse, activates the mesolimbic dopamine 
(DA) system, a central part of the brain reward system, resulting in increased DA 
release in the nucleus accumbens (nAc) (DiChiara and Imperato  1988 ; Wise and 
Rompre  1989 ; Drevets et al.  1999 ; Boileau et al.  2003  ) , which has been associated 
with the reinforcing properties of the drugs. In a series of studies we have demon-
strated that glycine receptors (GlyR) located in the nAc are involved in modulating 
both basal- and ethanol-induced dopamine output in the same brain region (Molander 
and Söderpalm  2005a,   b  ) . We found that ethanol as well as glycine increased DA in 
the nAc and that this is executed in a GlyR-dependent manner. These effects are not 
local but involve activation of nicotinic acetylcholine receptors (nAChRs) in the 
ventral tegmental area (VTA), possibly due to inhibition of GABAergic projection 
neurons modulating acetylcholine release in the VTA (Ericson et al.  2003 ; Larsson 
et al.  2005 ; for review see Söderpalm et al.  2009  ) . 

 Besides glycine there are several amino acids with af fi nity for the GlyR (Pan and 
Slaughter  1995  ) . Taurine has been demonstrated to act as an agonist or a partial ago-
nist at the GlyR and has been attributed inhibitory, neuromodulatory, neuroprotectant 
and osmoregulatory properties, to mention a few (Huxtable  1989 ;  1992 ; Saransaari 
and Oja  2000 ; Olive  2002  ) . Interestingly, taurine levels in the nAc increase after 
systemic and local ethanol administration (De Witte et al.  1994 ; Dahchour et al. 
 1996 ; Adermark et al.  2011  ) , an increase that is reduced and abolished by increased 
osmolarity of the ethanol solution (Quertemont et al.  2003  ) . Taurine administration 
also decreases ethanol intake and alters ethanol aversion (Quertemont et al.  1998  ) . 
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In addition, chronic ethanol administration decreases taurine levels in the whole 
brain, an effect that returns to normal upon ethanol withdrawal (Iwata et al.  1980  ) . 
Whether ethanol-induced taurine and dopamine release are connected events or sepa-
rate from each other has not been determined. 

 In the present study we aimed to explore whether taurine per se can in fl uence DA 
output and if manipulation of the ethanol-induced elevation of extracellular taurine lev-
els in fl uences the DA output after ethanol administration. To this end we used in vivo 
microdialysis in freely moving Wistar rats while monitoring both DA and taurine.  

    18.2   Methods 

    18.2.1   In Vivo Microdialysis 

 Male Wistar rats were implanted with a custom made I-shaped dialysis probe in the 
nAc alone or in combination with a probe in the VTA, as previously described (Lidö 
et al.  2009  ) . Two days after surgery the sealed inlet and outlet of the probes were cut 
open and connected to a microperfusion pump via a swivel allowing the animal to 
move around freely. The probes were perfused with Ringer solution at a rate of 2  m l/
min and dialysate samples (40  m l) were collected every 20 min. The rats were per-
fused with Ringer solution for 1 h in order to obtain a balanced  fl uid exchange 
before baseline sampling began. Dopamine and taurine were analyzed in the dialy-
sis samples by means of HPLC as previously described (Lidö et al.  2009  ) . Animals 
were sacri fi ced directly after the experiment, brains were removed, and probe place-
ments were veri fi ed using a vibroslicer. Only rats with correctly placed dialysis 
probes were included in statistical analysis.  

    18.2.2   Experimental Design 

 In the  fi rst set of experiments rats were perfused with vehicle (Ringer) or taurine (1, 
10, or 100 mM) via reversed dialysis in the nAc. Following this the rats received 
pretreatment with either the GlyR antagonist strychnine (2  m M perfused in the nAc) 
or the nAChR antagonist mecamylamine (100  m M perfused in the VTA) before 
administration of 10 mM taurine via the nAc dialysis probe. Extracellular levels of 
DA were monitored in the nAc for 3 h after drug administration. 

 In the second set of experiments four groups of drug naïve rats received an acute 
injection of 0.9% NaCl (i.p.), 3.6% NaCl (i.p.), ethanol 2.5 g/kg diluted in 0.9% NaCl 
(i.p.), or ethanol 2.5 g/kg diluted in 3.6% NaCl (i.p.). Half of the animals in each group 
received the addition of 50  m M taurine in the perfusate (nAc) at the time of injection. 
Extracellular levels of DA and taurine were monitored in the nAc for 3 h after the sys-
temic injection.  
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    18.2.3   Statistical Analysis 

 Data were statistically evaluated using Student’s  t -test or a one-way ANOVA 
 followed by Fishers PLSD. A probability value ( P ) less than 0.05 were considered 
statistically signi fi cant. All values are expressed as means ± SEM.   

    18.3   Results 

    18.3.1   Taurine Mimics the Dopamine Elevating Properties 
of Ethanol 

 In the  fi rst study, where different concentrations of taurine were administered into 
the nAc by reversed microdialysis, the two higher concentrations (10 or 100 mM in 
the perfusate) increased nAc DA output while the low dose (1 mM) had no effect. 
The medium concentration, 10 mM, elevated DA in a pattern similar to ethanol over 
the 3 h of measuring, which is why this concentration was selected for further stud-
ies (Fig.  18.1 ).  

 Administration of the GlyR antagonist strychnine (2  m M locally in the nAc) 
alone did not in fl uence the DA levels. However, strychnine perfusion 40 min prior to 
co-perfusion with taurine (10 mM in the nAc) completely abolished the DA elevating 
effects of taurine, just as previously demonstrated with ethanol (Ericson et al.  2003  ) . 
Also in line with studies on the DA elevating effects of ethanol, administration of the 
nAChR antagonist mecamylamine (100  m M locally in the VTA) prevented taurine 
(10 mM in the nAc) from increasing accumbal DA levels (Fig.  18.1 ).  

    18.3.2   Ethanol, Dopamine, and the Necessity of Taurine 

 In the second set of experiments, we explored the extracellular DA as well as taurine 
response to ethanol when administered in a normal (0.9%) or hypertonic (3.6%) 
saline solution. In line with the  fi ndings from Quertemont et al.  (  2003  ) , we found 
that ethanol diluted in a hypertonic saline solution (3.6%) completely prevented the 
ethanol-induced increase of taurine 40 min after the administration, whereas sys-
temic ethanol diluted in an isotonic saline solution (0.9%) elevated the extracellular 
levels of taurine by approximately 50%. None of the saline solutions in fl uenced the 
taurine levels per se (Fig.  18.2a ). Furthermore, concomitant measurement of DA in 
the same samples revealed an ethanol-induced DA response similar to that of  taurine. 
Ethanol diluted in a hypertonic saline solution was unable to increase DA output in 
the nAc, whereas when administered in an isotonic saline solution ethanol produced 
the expected increase (Fig.  18.2b ).  

 In a  fi nal set of rats we added a small amount of taurine (50  m M in the nAc per-
fusate), unable to in fl uence DA per se, at the time of the systemic injection (saline 
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or ethanol). The addition of taurine completely restored ethanol’s ability to increase 
DA when administered in a hypertonic (3.6%) saline solution (Fig.  18.3b ). However, 
the small amount of taurine did not in fl uence DA levels observed after administra-
tion of ethanol in normal (0.9%) saline solution (Fig.  18.3a ).    

    18.4   Discussion 

 In the present study we found that taurine increases DA in the mesolimbic DA  system, 
a part of the brain reward pathway. More speci fi cally, taurine elevated DA levels in 
the nAc, a phenomenon that has been linked to positive reinforcement and perhaps 
also to the development of addiction (Koob  1992 ; Spanagel  2009  ) . Since ethanol is 
known to produce enhanced extracellular levels of both taurine and DA it is interest-
ing to note that taurine on its own can raise DA levels. Further studies demonstrated 
that taurine appears to use the same mechanisms as ethanol to in fl uence DA, since, 
as with ethanol, pretreatment with either strychnine in the nAc or mecamylamine in 
the VTA completely abolished both ethanol- and taurine-induced elevations of DA. 

 In a series of studies we have previously demonstrated the importance of both 
accumbal GlyRs and ventral tegmental nAChRs for the reinforcing and DA elevating 
effects of ethanol. Based on these studies we have suggested that ethanol in fl uences 
DA via a neuronal nAc-VTA-nAc circuitry (Söderpalm et al.  2009  )  and the data 
presented here suggest that taurine exerts is effect on DA via the same mechanism. 

  Fig. 18.1    Effect of taurine (10 mM) or vehicle (Ringer) administration on extracellular dopamine 
levels in the nucleus accumbens 40 min after initiation of taurine/vehicle administration as mea-
sured by in vivo microdialysis. The rats received no pretreatment (Ringer), 40 min pretreatment 
with the glycine receptor antagonist strychnine (2  m M perfused locally in the nAc) or 40 min pre-
treatment with the nAChR antagonist mecamylamine (100  m M perfused locally in the VTA). 
Taurine increased dopamine levels, an effect that was prevented by both accumbal strychnine treat-
ment and ventral tegmental mecamylamine treatment. Data are presented as means ± SEM, 
 n  = 8–12       
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 An interesting study by Quertemont et al.  (  2003  )  demonstrated that the ethanol-
induced increase in taurine levels could be modi fi ed by altering the osmolarity of 
the saline solution that ethanol was diluted in. Here we repeated this  fi nding and 
found a similar phenomenon for taurine and DA when concomitantly measured in 
the same animal. Several studies have demonstrated the osmoregulatory properties 
of taurine, where, for example, a change in the sodium milieu surrounding the cells 
greatly in fl uences taurine release (Korpi and Oja  1983  ) . Ethanol has also been 
shown to induce cell swelling in astrocytes, which leads to an increased release of 
taurine into the extracellular space (Kimelberg et al.  1993 ; Allansson et al.  2001  ) . In 
fact, a recent study found that inhibition of ethanol-induced astrocyte cell swelling 
also prevents the increase in microdialysate concentration of taurine and DA induced 
by local administration of ethanol in the nAc (Adermark et al.  2011  ) . It is thus pos-
sible that taurine is released in response to ethanol-mediated cell swelling, and that 
this swelling is counterbalanced when ethanol is administered in a hyperosmotic 
solution. However, it could also be speculated that the administration of high 

  Fig. 18.2    Effect of a systemic injection (i.p.) of 0.9% NaCl, 3.6% NaCl, ethanol (2.5 g/kg) diluted 
in 0.9% NaCl or ethanol (2.5 g/kg) diluted in 3.6% NaCl on extracellular ( a ) taurine levels or 
( b ) dopamine levels in the nucleus accumbens 40 min after the systemic injection. Administration 
of ethanol in a hypertonic saline solution prevented the drug from increasing both taurine and 
dopamine. Data are presented as means ± SEM,  n  = 6–12 and were detected by using in vivo 
microdialysis in freely moving Wistar rats       
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amounts of sodium disrupts neurotransmission in general, leaving, e.g., the cells 
unable to release taurine and/or DA or compromising the GlyR previously shown to 
be involved in the DA releasing effect of ethanol. To address this issue we mimicked 
the taurine elevation normally induced by ethanol by perfusing a relatively low 
concentration of taurine in the nAc concomitantly with systemic administration of 
the hypertonic ethanol solution. The addition of the inert amount of taurine appeared 
to be the missing component for ethanol to produce the elevation of DA. Overall, 
these results demonstrate that the hypertonic solution does not compromise mecha-
nisms involved in DA release and indicate that GlyR function is intact under these 
conditions. Since the concentration of taurine used did not in fl uence DA release per 
se the results moreover suggest that a concomitant rise in ethanol and taurine con-
centrations is required in order to obtain DA release after ethanol and that the two 
substances act in synergy at GlyRs in the nAc. It should be noted that taurine also 
can act as a ligand at GABA 

A
  receptors, and thus modulate DA output by in fl uencing 

GABAergic neurotransmission in the nAc. However, taurine-induced currents in 
medium spiny neurons are only partially depressed by the GABA 

A
  receptor antago-

nist gabazine indicating that taurine primarily affect neurotransmission in the nAc 
by interacting with GlyR (Sergeeva and Haas  2001  ) . 

 These results also may have implications for the debate concerning the site of 
action of ethanol in its DA activating and reinforcing effects. Based on pharmaco-
logical in vivo studies using microdialysis with or without concomitant monitoring 

  Fig. 18.3    Administration of vehicle (NaCl i.p.), taurine (50  m M perfused locally in the nAc), 
 ethanol (2.5 g/kg i.p.), or the combination of taurine and ethanol using ( a ) normal saline solution 
(0.9% NaCl) or ( b ) hypertonic saline solution (3.6% NaCl) measuring nucleus accumbens dop-
amine levels by means of in vivo microdialysis in male Wistar rats. Data are presented as 
means ± SEM,  n  = 6–8, 40 min after the systemic injection       
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of systemic ethanol intake, we have suggested that the primary site of action is in the 
nAc (cf. Söderpalm et al.  2009  ) , whereas other investigators, based mainly on 
in vitro studies and on studies of intracerebral self-administration of ethanol argue 
that the VTA is the important site in this respect (Brodie et al.  1999 ; McBride et al. 
 1999  ) . The present  fi nding that local perfusion of an inert concentration of taurine 
in the nAc completely rescues the DA activating effect of systemic ethanol shows 
that an ethanol-induced event, i.e., taurine elevation, in this particular area in com-
bination with ethanol itself is extremely important, and, again, points to GlyR in the 
nAc as the primary site of action for ethanol in this context. The alternative, more 
far-fetched interpretation would be that a concomitant elevation of taurine in the 
nAc is a prerequisite for obtaining DA release after some ethanol interaction in the 
VTA, but this alternative, if true, would still require ethanol-induced taurine release 
in the nAc.  

    18.5   Conclusion 

 Taurine has the ability to increase DA output in the nAc on its own, via mechanisms 
similar to ethanol. In addition it appears that in order for systemic ethanol to increase 
DA in the nAc, a phenomenon that has been related to the reinforcing properties of 
the drug, a concomitant extracellular increase of accumbal taurine is required. The 
studies presented here suggest that taurine could be a target for development of new 
pharmacotherapies against alcoholism.      
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  Abstract   Thiotaurine, a metabolic product of cystine, contains a sulfane sulfur 
atom that can be released as H 

2
 S, a gaseous molecule with a regulatory activity on 

in fl ammatory responses. The in fl uence of thiotaurine on human leukocyte sponta-
neous apoptosis has been evaluated by measuring caspase-3 activity in human neu-
trophils. Addition of 100  m M thiotaurine induced a 55% inhibition of caspase-3 
activity similar to that exerted by 100  m M H 

2
 S. Interestingly, in the presence of 

1 mM GSH, an increase of the inhibition of apoptosis by thiotaurine has been 
observed. These results indicate that the bioactivity of thiotaurine can be modulated 
by GSH, which promotes the reductive breakdown of the thiosulfonate generating 
H 

2
 S and hypotaurine. As thiotaurine is able to incorporate reversibly reduced sulfur, 

it is suggested that the biosynthesis of this thiosulfonate could be a means to trans-
port and store H 

2
 S.  
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    19.1   Introduction 

 Thiotaurine (2-aminoethane thiosulfonate) is a biomolecule structurally related to 
hypotaurine and taurine. Thiosulfonates (RSO 

2
 SH), including thiotaurine, have 

been occasionally detected among the products of biochemical reactions involving 
sulfur compounds. Thiotaurine is a metabolic product of cystine in vivo (Cavallini 
et al.  1959,   1960  )  and is produced by a spontaneous transulfuration reaction involv-
ing thiocysteine (RSSH) and hypotaurine (RSO 

2
 H) (De Marco et al.  1961  ) . 

Moreover, an enzyme capable of oxidizing thiols to sul fi nates and thiosulfonates, in 
the presence of inorganic forms of sulfur has been detected in a number of animal 
tissues (Cavallini et al.  1961  ) . A sulfurtransferase, which catalyzes the transfer of 
sulfur from mercaptopyruvate to hypotaurine with production of thiotaurine has 
been also reported (Sörbo  1957 ; Chauncey and Westley  1983  ) . 

 Recently, it has been shown that hydrogen sul fi de (H 
2
 S), an endogenously gener-

ated gaseous molecule, plays relevant signal roles, modulating several pathophysi-
ological functions (Predmore et al.  2012  ) . Though desulfuration of cysteine 
constitutes the main source of H 

2
 S in mammals, thiotaurine contains a sulfane sulfur 

atom that can be released as H 
2
 S (Westley and Heyse  1971  ) . It is widely recognized 

that hypotaurine, taurine, and H 
2
 S exert a regulatory activity on in fl ammatory 

responses (Green et al.  1991 ; Whiteman and Winyard  2011  ) . However, thiotaurine 
has never been investigated for a bioactivity in in fl ammation. 

 In the present study, the in fl uence of thiotaurine on human leukocyte spontane-
ous apoptosis has been evaluated. Neutrophil apoptosis is an important process 
because it provides a signal for neutrophil removal promoting resolution of 
in fl ammation, and because it results in the loss of functional neutrophil responsive-
ness (Savill and Fadok  2000 ; Simon  2003  ) . On the other hand, increased survival in 
the in fl amed tissue permits neutrophils to ful fi ll their effector functions most 
ef fi ciently (Lee et al.  1993 ; Savill et al.  2002  ) . Thus, modulation of apoptosis may 
have a major effect on the in fl ammatory process. 

 As several studies suggest a critical role of caspase-3 in both spontaneous and 
Fas receptor-mediated apoptosis in neutrophils (Weinmann et al.  1999 ; Ottonello 
et al.  2002  ) , we tested the effect of thiotaurine on neutrophil apoptosis by measuring 
the caspase-3 activity in cell lysates of human neutrophils.  

    19.2   Materials and Methods 

    19.2.1   Chemicals 

 Thiotaurine was prepared from hypotaurine and elemental sulfur (Cavallini et al. 
 1959  ) .  l -Glutathione reduced, hypotaurine, sodium hydrosul fi de (NaHS), sulfur, 
 N , N -dimethyl- p -phenylenediamine sulfate, acetyl-Asp-Glu-Val-Asp-7-amido-4-



22919 Thiotaurine Prevents Apoptosis of Human Neutrophils…

methylcoumarin (Ac-DEVD-AMC, caspase-3 substrate) were obtained from Sigma-
Aldrich, Inc (St. Louis, MO, USA). All other chemicals were analytical grade.  

    19.2.2   Isolation of Neutrophils 

 Leukocytes were puri fi ed from heparinized human blood freshly drawn from healthy 
donors. Leukocyte preparations containing 90–98% neutrophils were obtained by 
one-step procedure involving centrifugation of blood samples layered on Ficoll-
Hypaque medium (Polymorphprep, Axis-Shield, Oslo, Norway) (Ferrante and 
Thong  1980  ) . The cells were suspended in isotonic phosphate-buffered saline (PBS), 
pH 7.4, with 5 mM glucose and stored on ice. Each preparation produced cells with 
a viability higher than 90% up to 6 h after puri fi cation. The incubations were carried 
out at 37°C.  

    19.2.3   Measurement of H 
2
 S 

 Aliquots of the sample were mixed with distilled water to a  fi nal volume of 0.5 mL. 
Then 0.25 mL zinc acetate (1% w/v), 0.25 mL  N,N -dimethyl- p -phenylenediamine 
sulfate (20 mM in 7.2 M HCl) and 0.2 mL FeCl 

3
  (30 mM in 1.2 M HCl) were added. 

After 15 min at room temperature, the absorbance of the resulting solution was mea-
sured at 670 nm (Siegel  1965  ) . All samples were assayed in duplicate and H 

2
 S was 

calculated against a calibration curve of sodium hydrosul fi de (NaHS, 2–100  m M).  

    19.2.4   Detection of Neutrophil Apoptosis by Caspase-3 
Activity Assay 

 Caspase-3 activity was tested in neutrophil lysates by measuring the release of 
the  fl uorescent 7-amino-4-methylcoumarin (AMC) moiety from the synthetic 
substrate acetyl-Asp-Glu-Val-Asp-7-amido-4-methyl-coumarin (Ac-DEVD-
AMC) (Nicholson et al.  1995  ) . Neutrophils (5 × 10 6  cells), preincubated in PBS 
with 5 mM glucose at 37°C for 3.5 h, were collected by centrifugation and lysed 
in 0.5 mL of 50 mM HEPES buffer, pH 7.4, containing 5 mM 3-[3-(cholamido-
propyl) dimethylammonio]-1-propanesulfonate (CHAPS), 5 mM dithiothreitol 
(DTT), 10  m M 4-amidinophenylmethanesulfonyl  fl uoride (APMSF), 10  m g/mL 
pepstatin, and 10  m g/mL aprotinin. The reaction was started by adding 100  m L 
aliquots of the lysates in 2 mL solutions containing 16  m M AcDEVD-AMC, 
20 mM HEPES, 0.1% CHAPS, 5 mM DTT, and 2 mM EDTA, pH 7.4. The assay 
mixture was incubated at 20°C in the dark for 1 h. The  fl uorescence (excitation 
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wavelength 360 nm, emission wavelength 460 nm) increase was compared with 
an appropriate blank control containing 10  m M acetyl-Asp-Glu-Val-Asp-al, a 
speci fi c caspase-3 inhibitor (Nicholson et al.  1995  )  or standard preparations of 
recombinant caspase-3 (Sigma). A calibration curve obtained with standard 
AMC solutions was employed for quantitative analysis.  

    19.2.5   HPLC Analysis 

 Hypotaurine and thiotaurine were determined by HPLC using the  o -phthaldialde-
hyde reagent (Hirschberger et al.  1985  ) . Analyses were performed as previously 
described (Fontana et al.  2005  ) , using a Waters 474 scanning  fl uorescence detector 
(  l   

ex
  = 340 nm,   l   

em
  = 450 nm). The elution times of hypotaurine and thiotaurine were 

22 min and 27 min, respectively.  

    19.2.6   Statistics 

 Results are expressed as means ± SEM for at least three separate experiments per-
formed in duplicate. Graphics and data analysis were performed using GraphPad 
Prism 4 software.   

    19.3   Results 

    19.3.1   In fl uence of Thiotaurine on Human Neutrophil 
Spontaneous Apoptosis 

 Spontaneous apoptosis was evaluated by measuring caspase-3 activity in lysates 
of neutrophils (5 × 10 6  cells/mL) that were preincubated at 37°C for 3.5 h. When 
the preincubation step was performed in the presence of thiotaurine (TTAU), a 
concentration-dependent decrease of caspase-3 activity was observed (Fig.  19.1 ). 
As thiotaurine contains a sulfane sulfur atom that can be released as H 

2
 S, the 

in fl uence of NaHS on caspase-3 activity has been also evaluated. With 100  m M 
thiotaurine the reduction of caspase-3 activity was 55 ± 3%, similar to that exhib-
ited by 100  m M NaHS (57 ± 3%). Control experiments (not shown) indicated that 
neither TTAU, nor NaHS, at concentrations ranging from 0.01 to 0.2 mM, affected 
the activity of recombinant caspase-3.   
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    19.3.2   Effect of Glutathione on Thiotaurine-Induced Inhibition 
of Caspase-3 Activity 

 It is reported that glutathione (GSH) regulates neutrophil apoptosis by affecting 
caspase-3 activity (O’Neill et al.  2000  ) . This effect has been attributed to its antioxi-
dant activity (Wedi et al.  1999  ) . To gain insights into the mechanism of inhibition 
by TTAU, the inhibitory effect of this thiosulfonate on caspase-3 activity has been 
compared with that of GSH (Fig.  19.2 ).  

 Under our experimental conditions, the inhibitory effect of 1 mM GSH (58 ± 3%) on 
caspase-3 activity is similar to that of 0.1 mM TTAU. Interestingly, the inhibition of 
spontaneous apoptosis by 0.1 mM TTAU increases to 76 ± 4% when GSH is present in 
the preincubation step.  

    19.3.3   Reductive Breakdown of Thiotaurine by Glutathione: 
Generation of H 

2
 S and Hypotaurine 

 It is well known that thiol compounds such as GSH promote reductive breakdown 
of thiosulfonates generating H 

2
 S and sul fi nates (Chauncey and Westley  1983  ) . 

Spontaneous and GSH-catalyzed H 
2
 S release has been analyzed in the presence or 

in the absence of human neutrophils. Figure  19.3  shows that the release of H 
2
 S is 

stimulated by GSH and it increases with the incubation time. Furthermore, it can be 
seen that the amount of H 

2
 S results lower in the presence of cells. This result may 

depend on different factors, such as H 
2
 S binding to proteins (Cavallini et al.  1970  )  

or H 
2
 S uptake by cells (Mathai et al.  2009  ) .  

  Fig. 19.1    Effect of thiotaurine and NaHS on caspase-3 activity. Neutrophils (5 × 10 6  cells/mL) 
were incubated at 37°C for 3.5 h with different concentrations of thiotaurine (TTAU) or NaHS. 
Caspase-3 activity was determined as described in Sect.  2        
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  Fig. 19.2    In fl uence of glutathione on thiotaurine inhibition of caspase-3 activity. Neutrophils 
(5 × 10 6  cells/mL) were incubated at 37°C for 3.5 h in the absence (control) and in the presence of 
0.1 mM thiotaurine (TTAU) or 1 mM glutathione (GSH) or both compounds. Caspase-3 activity 
was determined as described in Sect.  2        

  Fig. 19.3    Generation of H 
2
 S by thiotaurine: effect of glutathione. 1 mM thiotaurine (TTAU) was 

added to neutrophils (5 × 10 6  cells/mL) and incubated at 37°C for 1.5 and 3.5 h. When present, 
glutathione (GSH) was 1 mM. The controls (PBS Buffer) were performed in the same conditions 
without neutrophils. H 

2
 S was determined spectrophotometrically as described in Sect.  2        
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 Figure  19.4  shows that, in human leukocytes, GSH promotes the generation of 
hypotaurine (HTAU) as the main metabolite of TTAU. The production of HTAU 
increases with time (up to 30 min) and a stoichiometry of approximately 1 mol of 
HTAU produced/mol of TTAU depleted is observed (inset). The fate of TTAU has 
been evaluated also in the absence of cells; the results were similar to those observed 
with human leukocytes. Furthermore, GSH-mediated breakdown of TTAU in human 
neutrophils activated by phorbol 12-myristate 13-acetate (PMA) produces also tau-
rine, the oxidative product of HTAU (not shown).    

    19.4   Discussion 

 These results indicate that the thiosulfonate, thiotaurine, may exert regulatory effects 
on in fl ammation in fl uencing lifespan of human neutrophils. Mature circulating neu-
trophils are constitutively committed to apoptosis. During in fl ammatory response, 
survival of neutrophils recruited into the in fl amed area is signi fi cantly prolonged. 
Increased survival in the in fl amed tissue permits neutrophils to ful fi ll their effector 
functions most ef fi ciently. On the other hand, macrophage-mediated elimination of 
apoptotic neutrophils from the in fl amed area has been recognized as a crucial mecha-
nism for promoting resolution of in fl ammation (Savill and Fadok  2000 ; Simon  2003  ) . 

  Fig. 19.4    Generation of hypotaurine by thiotaurine: effect of glutathione. 0.1 mM thiotaurine 
(TTAU) was added to neutrophils (5 × 10 6  cells/mL) and incubated at 37°C. When present, gluta-
thione (GSH) was 1 mM. Hypotaurine (HTAU) and TTAU concentrations were determined by 
HPLC as described in Sect.  2 . The amounts of depleted TTAU and produced HTAU, after 90 min 
incubation in the absence or in the presence of GSH, are compared.  Inset  time-course of the reac-
tion of TTAU with GSH       
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It is recognized that the production of reactive oxygen species by activated cells 
accelerate the apoptosis and that superoxide release is required for spontaneous 
apoptosis (Ottonello et al.  2002 ; Scheel-Toellner et al.  2004  ) . Moreover, the sponta-
neous and FAS-mediated apoptosis are prevented by antioxidants, such as GSH 
(Wedi et al.  1999  ) . This effect has been ascribed to the ability of GSH to scavenge 
reactive oxygen species (Watson et al.  1997  ) . It has been also shown that thiotaurine 
is highly effective in counteracting the damaging effect of oxidants (Acharya and 
Lau-Cam  2012  ) . Thus, it is possible that the delay of spontaneous apoptosis of human 
neutrophils by thiotaurine may be related to its antioxidant activity. On the other 
hand, our results show that the inhibitory effect of thiotaurine on caspase-3 activity 
was higher than that of GSH. Moreover thiotaurine, in the presence of GSH, is more 
effective in in fl uencing neutrophil apoptosis. These  fi ndings suggest that alternative 
or additional mechanisms of inhibition can be involved. It is well-known that GSH 
can act as a catalyst of the reductive breakdown of thiotaurine with generation of 
hypotaurine and H 

2
 S (Chauncey and Westley  1983  ) . Accordingly, we found that 

human neutrophils generate H 
2
 S from thiotaurine with GSH as a necessary reductant 

in the reaction. It has been previously reported that H 
2
 S promotes the short-term 

survival of neutrophils by inhibition of caspase-3 cleavage (Rinaldi et al.  2006  ) . Our 
results con fi rm the effect of H 

2
 S on prolonging the survival of neutrophils. Hence, it 

is likely that the sulfane sulfur of thiotaurine released as H 
2
 S in the presence of GSH, 

may contribute to the observed effect on neutrophil survival. 
 The biological relevance of thiotaurine in mammalian is still a challenge to bio-

chemical research. Biological roles have been sporadically reported (Costa et al. 
 1990 ; Baskin et al.  2000  ) . On the contrary, in some marine organisms a key role for 
thiotaurine in the transport of sulfur has been strongly demonstrated (Pruski et al. 
 2001 ; Pruski and Fiala-Médioni  2003  ) . Morevover, the metabolic origin of thiotau-
rine in mammalians is subject to debate, as is its fate. One pathway for thiotaurine 
metabolism is via transulfuration reactions with hypotaurine being the main inter-
mediate (Cavallini et al.  1961 ; De Marco and Tentori  1961  ) . These reactions can be 
spontaneous or catalyzed by sulfur transferases (De Marco et al.  1961 ; Chauncey 
and Westley  1983  ) . Our experiments show that hypotaurine is the main metabolite 
of thiotaurine with a 1:1 stoichiometry, suggesting a role of thiotaurine as a bio-
chemical intermediate in the transport, storage, and release of sul fi de also in mam-
malians. This hypothesis is further supported by the fact that hypotaurine, present in 
leukocytes at millimolar concentration (Learn et al.  1990  ) , can readily incorporate 
H 

2
 S formed during in fl ammation with production of thiotaurine (De Marco and 

Tentori  1961  ) . 
 Since thiotaurine as well as hypotaurine, taurine, and H 

2
 S can modulate leuko-

cyte functional responses, it would be worthy to investigate the metabolic and func-
tional interplay between these sulfur compounds at in fl ammatory sites.      
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  Abstract   Taurine protects against tissue damage in a variety of models involving 
in fl ammation, especially the muscle. We set up a heavy exercise bout protocol for rats 
consisting of climbing ran on a treadmill to examine the effect of an intraabdominal 
dose of taurine (300 mg/kg/day) administered 1 h before heavy exercise for ten con-
secutive days. Each group ran on the treadmill at 20 m/min, 25% grade, for 20 min or 
until exhaustion within 20 min once each 10 days. Exhaustion was the point when an 
animal was unable to right itself when placed on its side. The muscle damage was 
associated with an increased accumulation of 8-nitroguanine and 8-OHdG in the 
nuclei of skeletal muscle cells. The immunoreactivities for NF- k B and iNOS were 
also increased in the exercise group. Taurine ameliorated heavy exercise-induced 
muscle DNA damage to a signi fi cant extent since it reduced the accumulation of 
8-nitroguanine and 8-OHdG, possibly by down-regulating the expression of iNOS 
through a modulatory action on NF- k B signaling pathway. This study demonstrates 
for the  fi rst time that taurine can protect against intense exercise-induced nitrosative 
in fl ammation and ensuing DNA damage in the skeletal muscle of rats by preventing 
iNOS expression and the nitrosative stress generated by heavy exercise.  
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  Abbreviations  

  ROS    Reactive oxygen species   
  O 

2
  −     Superoxide anion   

  NF- k B    Nuclear factor kappa-B   
  iNOS    Inducible NO synthase   
  8-OHdG    8-Hydroxydeoxyguanosine         

    20.1   Introduction 

 Heavy exercise is thought to increase oxidative stress and to damage muscle 
tissue. Taurine protects against tissue damage in a variety of experimental mod-
els involving oxidative stress, especially during exercise. The mechanism of 
taurine protection is not well understood, but the ability of taurine to attenuate 
the toxic effects of HOCl/OCl via formation of taurine chloramine (TauCl) and 
its subsequent effects are thought to be important. Nitrosative stress-mediated 
activation of in fl ammatory mediators is currently being emphasized as an impor-
tant factor mediating in fl ammation-related disorders. Reactive oxygen species 
(ROS) and reactive nitrogen species (RNS) are capable of causing damage to 
various cellular constituents, such as nucleic acids, proteins and lipids. ROS can 
induce the formation of oxidative DNA lesion products, including 8-hydroxy-
ldeoxyguanosine (8-OHdG) which is considered to be mutagenic. On the other 
hand, nitric oxide (NO) is generated speci fi cally during in fl ammation via induc-
ible nitric oxide synthase (iNOS) in in fl ammatory cells. Excess NO production 
plays a crucial role in an enormous variety of pathological processes, including 
apoptosis. NO can react with superoxide anion (O 

2
  − ) to form peroxynitrite 

(ONOO − ), a highly reactive nitrogen species capable of causing nitrosative and 
oxidative DNA damage. In turn, ONOO −  can mediate the formation of 8-OHdG 
and 8-nitroguanine, a marker of nitrosative DNA damage (Yermilov et al.  1995  ) . 
8-Nitroguanine formed in DNA is chemically unstable and, thus, can be sponta-
neously released, resulting in the formation of an apurinic site (Yermilov et al. 
 1995  ) . The apurinic site can form a pair with adenine during DNA synthesis, 
leading to G → T transversions (Loeb and Preston  1986  ) . It has been demon-
strated that 8-nitroguanine is formed via NO production associated with 
in fl ammation in  Helicobacter pylori  infected patients (Ma et al.  2004  ) . 
8-Nitroguanine is considered to be not only a marker of in fl ammation, but also 
a potential mutagenic DNA lesion product-capable of mediating apoptosis and 
carcinogenesis. Nitrosative stress arises mainly from the large accumulation of 
NO following the overexpression of iNOS in damaged tissue to form ONOO −  
when NO reacts with O 

2
  −  to form 8-nitroguanine. 

 The aim of this study was to determine the cytoprotective role of taurine against 
nitrosative stress in intense exercise-induced damage of the skeletal muscle.  
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    20.2   Methods 

    20.2.1   Animals and Experimental Design 

 All experimental protocols were approved by the Animal Ethics Committee of 
Suzuka University of Medical Science, Japan. In total, 18 male rats (24-months-old; 
250–260 g bodyweight) were housed in cages (max. 6 per cage) with water and food 
ad libitum. The animals were randomly divided into the following groups: exercise 
plus saline ( n  = 6); exercise plus taurine ( n  = 6); and control ( n  = 6). All the animals 
were maintained under a 12-h light and 12-h dark cycle at 24°C.  

    20.2.2   Taurine Supplementation and Exercise Protocol 

 We set up a heavy exercise protocol which consisted of an inclined treadmill and 
examined the effect of intraabdominally administered taurine 1 h before heavy exer-
cise at a dose of 300 mg/kg/day for ten consecutive days. All animals were initially 
acclimated to running on a motor-driven treadmill designed for rats (model MK-680, 
Muromachi Kikai, Tokyo, Japan), beginning at 8 m/min for 10 min during the week 
preceding the exercise experiments. This protocol accustomed the rats to the loco-
motion intended for the  fi nal exercise experiments without stimulating development 
of skeletal muscle as an adaptation to training. Each group ran on the treadmill at 
20 m/min, 25% grade, for 20 min or until exhaustion once in 10 days. Exhaustion 
was determined as the point when an animal was unable to right itself when placed 
on its side. The workload was ~75% of the rats’ maximal aerobic capacity (VֹO 

2
  

max) (Brooks and White  1978  ) . To return to basal physiological conditions and to 
prevent the in fl uence of acute exercise, the animals were killed by decapitation 48 h 
after the exercise session. Rats were deeply anesthetized with an IP injection of 
sodium pentobarbital and were perfused transcardially with a  fi xative that contained 
4% paraformaldehyde in 0.01 M phosphate buffer, pH 7.4. After the perfusion, the 
soleus was dissected out and allowed to stand in the same  fi xative for 4 h. Then the 
tissue was rinsed several times with phosphate buffer, dehydrated with a graded 
alcohol series and acetone, and embedded in paraf fi n. Sections 6- m m in thickness 
were mounted on albumin-coated slides.  

    20.2.3   Immuno fl uorescence Study 

 Anti-8-nitroguanine rabbit polyclonal antibody was prepared as described earlier 
(Pinlaor et al.  2004  ) . The immunoreactivity of 8-nitroguanine and of other biomark-
ers in skeletal muscle  fi ber was assessed by single or double immuno fl uorescence 
labeling studies, as previously described (Pinlaor et al.  2004  ) . Brie fl y, deparaf fi nized 
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and  dehydrated sections (6  m m thickness) were incubated with 5% skim milk 
 followed by  incubation with rabbit polyclonal anti-8-nitroguanine antibody (2  m g/mL) 
or other  antibody mouse monoclonal anti-8-OHdG (5  m g/mL; Japan Institute for 
Control of Aging, Fukoroi, Japan), mouse monoclonal anti-iNOS (1:400, Sigma, St. 
Louis, MO), rabbit polyclonal anti-iNOS (1:500, CalbiochemNovabiochem 
Corporation, Darmstadt, Germany), or mouse monoclonal anti-NF- k B p65 (2  m g/mL, 
Santa Cruz Biotechnology) antibody overnight at room temperature. Then, the sec-
tions were incubated for 3 h with Alexa 594-labeled goat antibody against rabbit 
IgG or Alexa 488-labeled goat antibody against mouse IgG (1:400; Molecular 
Probes, Eugene, OR). The stained sections were examined using a confocal laser 
scanning microscope (FV-1000, Olympus, Tokyo, Japan) or by  fl uorescence micros-
copy (BX53, Olympus, Tokyo, Japan).  

    20.2.4   Statistical Analysis 

 Data are presented as the mean ± S.E.M. values. The two-tailed Student’s  t -test was 
performed. Differences were considered statistically signi fi cant at  p  < 0.05.   

    20.3   Results 

    20.3.1   Analyses for 8-Nitroguanine and 8-OHdG 
Immunoreactivities in the Soleus Muscle 

 In each experimental group, the number of muscle cells positive for 8-nitroguanine 
and 8-OHdG were compared with the total number of muscle cells. The exercise 
group had the highest percentage of 8-nitroguanine positive cells (35.1 ± 0.1%) 
 followed by the exercise plus taurine group (30.1 ± 0.1%) and control (23.1 ± 0.0%) 
groups. The highest 8-OHdG immunoreactivity was also observed with the exercise 
group (34.8 ± 0.1%) followed by the exercise plus taurine group (26.5 ± 0.1%) and 
the control (16.1 ± 0.0%) groups (Fig.  20.1 ).  

 The mean diameter of muscle  fi bers positively and negatively immunoreactive 
for 8-nitroguanine was 26.2 ± 0.8  m m and 39.6 ± 1.3  m m in controls, 54.9 ± 4.8  m m 
and 76.9 ± 8.3  m m in the exercise group, and 28.3 ± 1.1  m m and 39.7 ± 2.1  m m in the 
exercise plus taurine group, respectively, showing that 8-nitroguanine-positive  fi bers 
were signi fi cantly smaller than negative ones. The mean diameter of muscle  fi bers 
showing positive and negative immunoreactivities for 8-OHdG was 27.3 ± 0.4  m m 
and 39.3 ± 2.5  m m in controls, 51.9 ± 2.8  m m and 76.5 ± 5.5  m m in the exercise group, 
and 29.1 ± 1.5  m m and 38.9 ± 1.0  m m in the exercise plus taurine group, respectively. 
These results demonstrate that the immunoreactive  fi bers were smaller than the 
 non-immunoreactive ones (Fig.  20.2 ).   
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    20.3.2   8-Nitroguanine and 8-OHdG Formation 
in the Soleus Muscle 

 The formation of 8-nitroguanine and 8-OHdG in  fi bers of soleus muscle is shown in 
Fig.  20.3 . Strong immunoreactivities for 8-nitroguanine (red) and 8-OHdG (green) 
were clearly observed in the nuclei of muscle  fi bers of all rats after exercise; but 
they were decreased in the taurine-treated group, and became negative in the control 
(normal) group. While 8-nitroguanine and 8-OHdG were colocalized in almost all 
 fi bers, 8-nitroguanine was predominated than over 8-OHdG in the exercise group 
(Fig.  20.3 ).   

  Fig. 20.1    Number of soleus muscle cells showing positive and negative immunoreactivity for 
8-nitroguanine or 8-OHdG. Data are presented as the mean ± S.E.M., and were analyzed by the 
two-tail Student’s  t -test. Exercise versus Exercise-Taurine: * p  < 0.05       

  Fig. 20.2    The mean diameter size of soleus muscle cells in the exercise group showing positive or 
negative immunoreactivity for 8-OHdG or 8-nitroguanine. Comparison of positively immunoreac-
tive cells versus negatively immunoreactive cells at * p  < 0.05       
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  Fig. 20.3    8-Nitroguanine and 8-OHdG formation in heavily exercised rats with and without a 
taurine reatment. Double immuno fl uorescence staining of paraf fi n sections shows the localization 
of 8-OHdG and 8-nitroguanine in the nuclei of  fi bers of the soleus muscle       

    20.3.3   8-Nitroguanine and NF- k B Formation 
in the Soleus Muscle 

 8-Nitroguanine formation and NF- k B expression in  fi bers of soleus muscle are 
shown in Fig.  20.4 . 8-Nitroguanine immunoreactivity (red) was observed in the 
nuclei of the  fi bers whereas NF- k B expression (green) was strongly observed in 
both the cytoplasm and nucleus. The immunoreactivities of 8-nitroguanine and 
NF- k B were decreased signi fi cantly in the taurine-treated group. Little to no 
8-nitroguanine and NF- k B expression were observed in control muscle  fi bers 
(Fig.  20.4 ).   

    20.3.4   iNOS and NF- k B Formation in the Soleus Muscle 

 Strong immunoreactivities for iNOS and NF- k B were observed in soleus muscle 
 fi bers of all rats after heavy exercise. Intense staining of muscle cells was noted in 
both the nucleus and cytoplasm of the heavily exercised group. However, the taurine-
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treated group showed a marked reduction in the number of taurine-containing cells 
with stained nucleus and cytoplasm (Fig.  20.5 ). The immunoreactivity for iNOS and 
NF- k B decreased signi fi cantly in the muscle cells of rats receiving taurine, and was 
either drastically decreased or absent in the muscle  fi bers of control rats.    

    20.4   Discussion 

 In muscle cells, the levels of reactive oxygen species (ROS), constantly generated 
by cellular metabolic processes, are regulated by intracellular oxidative defense sys-
tems driven by antioxidant enzymes such as catalase, superoxide dismutase (SOD) 
(Silva et al.  2011  ) , and glutathione peroxidase (Sen et al.  1997  ) . Heavy exercise 
activates cellular metabolism and, thus, gives rise to a large number of ROS in the 
form of free radicals. An imbalance between the levels of ROS and antioxidant 
defenses results in oxidative and nitrosative stresses in the muscle  fi bers. 
Acute heavy exercise has been reported to activate NF- k B in skeletal muscle cells 
(Ji et al.  2004  ) . A study of the activation mechanism of NF- k B revealed that acute 
exercise promotes cellular oxidative stress and activation of NF- k B through oxida-
tion of glutathione in muscle cells (Sen et al.  1997  ) . 

 In this study, oxidative and nitrosative stresses were induced in the skeletal 
muscle through heavy-load exercise (75% of V·O 

2 
 max) performed for 20 min or 

  Fig. 20.4    8-Nitroguanine formation and NF- k B immunoreactivities in  fi bers of the soleus muscle. 
In heavily exercised rats, double immuno fl uorescence staining of paraf fi n sections shows the local-
ization of NF- k B and 8-nitroguanine and the immunoreactivities of 8-nitroguanine and NF- k B 
colocalized primarily in the nuclei of the muscle  fi bers       
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until exhaustion. Exercise activated in fl ammatory mediators such as iNOS and 
NF- k B in skeletal muscle cells and signi fi cantly increased the expression of the 
oxidative/nitrosative stress indicators 8-OHdG and 8-nitroguanine. However, 
administration of taurine prevented heavy exercise from activating NF- k B and 
reduced oxidative and nitrosative stresses. 

 The antioxidant action of taurine is related to its ability to scavenge free radicals 
generated by various enzymatic processes by directly causing reduction reactions 
(Aruoma et al.  1988 ; Shi et al.  1997  ) . Taurine is also found to reduce protein carbo-
nylation by effectively scavenging hypochlorous acid (HOCI) generated by 
myeloperoxidase (Prutz  1996  ) . Taurine functions like the NF- k B blocker sul-
phasalazine (Gurujeyalashmi et al.  2000  ) , and taurine chloramine (TauCl), a prod-
uct of the condensation of taurine with HOCI, is reported to inhibit the activation of 
NF- k B (Barua et al.  2001  ) . In turn, TauCl can interact with hydrogen peroxide 
(H 

2
 O 

2
 ), which is produced as an in fl ammatory response during exercise, to buffer 

the effects of H 
2
 O 

2
  before the appearance of oxidative stress. Consistent with the 

results of previous studies, those generated here suggest that taurine is cytoprotec-
tive by reducing both oxidative and nitrosative stresses. 

 ATP production and oxygen supply to the mitochondria need to be increased to 
activate skeletal muscles during exercise. An increase in oxygen consumption is 
also likely to increase the generation of superoxide anion radicals (O 

2
  − ). Taurine 

appears to reduce the production of O 
2
  −  via redox reaction, particularly in intracel-

lular places prone to produce high levels of O 
2
  −  particularly the mitochondria 

(Hansen et al.  2006  ) . In this study, immuno fl uorescence analysis demonstrated that 

  Fig. 20.5    iNOS and NF- k B immunoreacitivies in the soleus muscle. In heavily exercised rats, 
double immuno fl uorescence staining of paraf fi n sections shows the localization of iNOS and 
NF- k B and the immunoreactivity of 8-nitroguanine and NF- k B colocalizes primarily in the  fi bers 
of the extensor digitorum longus muscle       
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the diameter of 8-nitroguanine in immunoreactive muscle  fi bers was signi fi cantly 
smaller than that of nonimmunoreactive muscle  fi bers, suggesting that the immuno-
reactive muscle  fi bers were type I. Type I muscle  fi bers contain a large number of 
mitochondria and their aerobic metabolism consumes a large number of oxygen 
molecules to produce ATP during exercise. Therefore, it is likely that type I muscle 
 fi bers generate a high level of free radicals from oxygen and are vulnerable to the 
noxious effects of oxidative and nitrosative stress. Compared with type II muscle 
 fi bers, type I muscle  fi bers contain a higher level of polyunsaturated fatty acid that 
make them more susceptible to lipid peroxidation (Nikolaidis and Mougios  2004 ; 
Nikolaidis et al.  2006  )  as well as to other types of oxidative damage. Because type 
I muscle  fi bers also contain a higher number of mitochondria than type II muscle 
 fi bers, they may produce a higher level of free radical production during exercise 
and even at rest (Moyes  2003  ) . In fact, heavy exercise-induced muscle in fl ammation 
is accompanied by an increase formation of 8-nitrogauanine in the muscle  fi bers. 
In this study, taurine produced a decrease in NF- k B as well as in iNOS immunore-
activity in the muscle  fi bers of rats. This  fi nding indicates that taurine is inhibiting 
proin fl ammatory factors by suppressing iNOS activity through an inhibitory effect 
on a signaling pathway activating NF- k B.  

    20.5   Conclusion 

 In conclusion, this study demonstrates for the  fi rst time that taurine offers a strong 
protective effect against intense exercise-induced nitrosative DNA damage in the 
skeletal muscle of rats. Since this sulfur-containing compound prevented iNOS 
expression, it may act as a modulator of nitrosative stress in the muscle during peri-
ods of heavy exercise. Hence, upregulated expression of iNOS in skeletal muscles 
could be responsible for the nitrosative muscle damage taking place during heavy 
exercise, probably through in fl ammatory damage mediated by a NF- k B-activating 
signaling pathway.      
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  Abstract   We investigated whether taurine chloramine (TauCl), which is 
 endogenously produced by immune cells such as macrophages that in fi ltrate adi-
pose tissue, affects the differentiation of preadipocytes into adipocytes or modulates 
the expression of adipokines in adipocytes. To study the physiological effects of 
TauCl on human adipocyte differentiation and adipokine expression, preadipocytes 
were cultured under differentiation conditions for 14 days in the presence or the 
absence of TauCl. Differentiated adipocytes were also treated with TauCl in the 
presence or the absence of IL-1 b  (1 ng/ml) for 7 days. The culture supernatants 
were analyzed for adipokines such as adiponectin, leptin, IL-6, and IL-8. At con-
centrations of 400–600  m M, TauCl signi fi cantly inhibited the differentiation of 
human preadipocytes into adipocytes in a dose-dependent manner. It did not induce 
the dedifferentiation of adipocytes or inhibit fat accumulation in adipocytes. 
Expression of major transcription factors of adipogenesis and adipocyte marker 
genes was decreased after treatment with TauCl, in agreement with its inhibition of 
 differentiation. These results suggest that TauCl may inhibit the differentiation of 
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 preadipocytes into adipocytes. Thus, TauCl or more stable derivatives of TauCl 
could potentially be a safe drug therapy for obesity-related diseases.  

  Abbreviations  

  MSCs    Mesenchymal stem cells   
  C/EBP    CCAAT/enhancer-binding protein   
  PPAR g     Peroxisome proliferator-activated receptor  g    
  FABP    Fatty acid-binding protein   
  LPL    Lipoprotein lipase   
  GLUT4    Glucose transporter 4   
  TauCl    Taurine chloramine   
  HOCl    Hypochlorous acid         

    21.1   Introduction 

 The inhibition of adipogenesis is one of the most important mechanisms involved in 
reducing body fat, which also includes apoptosis, lipolysis, and fatty acid oxidation. 
Recent studies have proposed that obesity is a state of systemic, chronic low-grade 
in fl ammation (Itoh et al.  2011  ) . During the course of obesity, adipose tissue is char-
acterized by the in fi ltration of immune cells such as macrophages. 

 The formation of adipose tissue involves the commitment of mesenchymal stem 
cells (MSCs) (which have the potential to differentiate into various cell lineages) 
to the preadipocyte lineage and the differentiation of preadipocytes into mature 
adipocytes (Gesta et al.  2007 ; Roufosse et al.  2004  ) . In vitro, MSCs proliferate and 
develop into preadipocytes after reaching con fl uency. Preadipocytes remain com-
petent for proliferation but, when allowed to become con fl uent and treated with 
substances such as insulin and glucocorticoids, they cease cell division and differ-
entiate into adipocytes (MacDougald and Mandrup  2002  ) . During adipogenesis, a 
number of morphological and physiological changes occur. The cells change from 
 fi broblast-like preadipocytes to spherical adipocytes and accumulate large fat drop-
lets containing triglycerides (Jessen and Stevens  2002  ) . Then, upstream regulators, 
including CCAAT/enhancer-binding protein  b  (C/EBP- b ), C/EBP- d , and sterol-
regulatory element-binding protein 1c (SREBP1c), regulate the expression of per-
oxisome proliferator-activated receptor  g  (PPAR g ) and C/EBP- a , which are major 
transcription factors for adipogenesis. The concerted action of these adipogenic 
transcription factors ultimately drives the expression of adipocyte marker genes, 
such as fatty acid-binding protein (FABP) 4, lipoprotein lipase (LPL), fatty acid 
synthetase, adiponectin, glucose transporter 4 (GLUT4), leptin, and others, which 
are responsible for the synthesis and storage of triglycerides in lipid droplets 
(Rosen et al.  2002 ; Rosen and MacDougald  2006  ) . 
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 Taurine (2-aminoethanesulfonic acid) is a simple sulfur-containing amino acid; 
it is one of the most abundant intracellular free amino acids in mammalian tissues 
and blood cells. It modulates a variety of cellular functions, including antioxidation, 
modulation of ion movement, osmoregulation, modulation of neurotransmitters, 
and conjugation of bile acids (Ito et al.  2011  ) . Decreased tissue taurine  concentrations 
are characteristic of many pathological states (Szymanski and Winiarska  2008  ) . 
Furthermore, it was reported that taurine de fi ciency creates a vicious circle that may 
promote obesity (Tsuboyama-Kasaoka et al.  2006  ) . Both neutrophils and mono-
cytes contain high levels of taurine. Taurine acts as a scavenger of hypochlorous 
acid (HOCl), which is produced by the myeloperoxidase/hydrogen peroxide/chlo-
ride system of activated neutrophils and monocytes (Thomas et al.  1985  ) . It reacts 
with HOCl to form taurine chloramine (TauCl). TauCl has been shown to play a 
major role in downregulating the expression of in fl ammatory mediators such as 
chemokines, cytokines, cyclooxygenase-2, and inducible nitric oxide synthase in 
various types of cells (Schuller-Levis and Park  2004  ) . 

 In this study, we investigated whether TauCl, which is endogenously produced 
by immune cells such as macrophages that have in fi ltrated adipose tissue, affects the 
differentiation of preadipocytes into adipocytes.  

    21.2   Methods 

    21.2.1   Preadipocyte Cell Culture and Differentiation 
into Adipocytes 

 Human preadipocytes were purchased from Cell Applications (San Diego, CA, 
USA) and maintained in Preadipocyte Growth Medium Kit (Cell Applications). 
Preadipocytes were seeded into six-well plates (1.5 × 10 5  cell/well in 2 ml of 
medium) or 60-mM dishes (2.5 × 10 5  cell/60 mM dish in 2 ml of medium) and cul-
tured until con fl uent. For differentiation, the culture medium was changed to 
Adipocyte Differentiation Medium (Cell Applications) and cultured for 2 weeks by 
changing the medium every 2 days in the presence or the absence of TauCl at differ-
ent concentrations.  

    21.2.2   Preparation of TauCl 

 TauCl was synthesized by mixing equimolar amounts of sodium hypochlorite 
(Aldrich Chemical, Milwaukee, MI, USA) and taurine (Sigma, St. Louis, MO, USA) 
as described somewhere (Kim et al.  2007  ) . TauCl formation was veri fi ed by UV 
absorption (200–400 nM). Endotoxin-free or low-endotoxin-grade water and buffers 
were used. Stock solutions of TauCl were kept at 4°C and used within 3 days.  
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    21.2.3   Oil Red O Staining 

 Lipid accumulation was examined with oil red O staining (Ramirez-Zacarias 
et al.  1992  ) . Cultured cells were rinsed twice with phosphate-buffered saline (PBS) 
and  fi xed in 10% (v/v) formaldehyde for 1 h. After the formaldehyde was removed, 
cells were rinsed three times with deionized water and stained with a saturated 
solution of oil red O in 60% isopropanol solution for 2 h at room temperature. 
Microscopic images (Olympus, Tokyo, Japan) of the stained cells were obtained 
after removing the staining solution. Finally, the dye retained in the cells was eluted 
with isopropanol and quanti fi ed by measuring the optical absorbance at 500 nm.  

    21.2.4   Semiquantitative and Real-Time Reverse Transcription 
Polymerase Chain Reaction 

 Complementary DNA was synthesized from 1  m g total RNA in 20  m l reverse transcrip-
tion reaction mixture containing 5 mmol/l MgCl2, 1× RT buffer, 1 mmol/l dNTP, 1 U/ m l 
RNase inhibitor, 0.25 U/ m l AMV reverse transcriptase, and 2.5  m mol/l random 9-mers as 
described previously (Kim et al.  2007  ) . For semiquantitative PCR, aliquots of cDNA 
were ampli fi ed with the primers in a 25  m l PCR mixture containing 1× PCR buffer, 
0.625 units of TaKaRa Ex Taq™ HS, and 0.2  m mol/l of speci fi c upstream primers, in 
accordance with the manufacturer’s protocol (TaKaRa Bio, Kyoto, Japan). The PCR 
conditions for the Leptin, GLUT-4, and  b -actin were as follows: 25–30 cycles at 95°C for 
45 s, 55–60°C for 45 s, and 72°C for 45 s. PCR products were subjected to electrophore-
sis in 1.5% agarose gels containing ethidium bromide, and the bands were visualized 
under UV light. The primers were synthesized by Bioneer Co. Ltd (Seoul, Republic of 
Korea), and their sequences are as follows: leptin (5 ¢ -CGCAGTCAGTCTCCTCCAAA-3 ¢ , 
5 ¢ -GGTTCTCCAGGTCGTTGGAT-3 ¢ ), GLUT4 (5 ¢ -TGGCTGAGCTGAAGGATGAG
-3 ¢ , 5 ¢ -CCAACAACACCGAGACCAAG-3 ¢ ), and  b -actin (5 ¢ -TCATGAGGTAGTCAG
TCAGG-3 ¢ , 5 ¢ -CTTCTACAATGAGCTGCGTG-3 ¢ ).  

    21.2.5   Western Blot Analysis 

 The cells are prepared for Western blot analysis and the samples were separated using 
12 or 15% SDS-PAGE, and were then transferred to Hybond-ECL membranes 
(Amersham, Arlington Heights, IL, USA) as described previously (Choi et al.  2009  ) . 
The membranes were  fi rst blocked with 6% nonfat milk dissolved in TBST buffer 
(10 mM Tris–Cl [pH 8.0], 150 mM NaCl, 0.05% Tween 20). The blots were then 
probed with various rabbit polyclonal antibodies for C/EBP- a  (Cell Applications, 
Inc), PPAR- g  (Cell Applications, Inc), SREBP1 (Santa Cruz BioTechnology), and 
 b -actin (Santa Cruz BioTechnology) diluted according to the manufacturer’s  protocol 
in TBS at 4°C overnight, and incubated with 1:1,000  dilutions of goat anti-rabbit IgG 
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secondary antibody coupled with horseradish peroxidase. The blots were developed 
using the ECL method (Amersham). For re-probing, the blots were incubated in the 
stripping buffer (100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM Tris–HCl [pH 6.7]) 
at 50°C for 30 min with occasional agitation.  

    21.2.6   Statistical Analysis 

 The in vitro experimental data are expressed as the mean ± standard error of the 
mean (SEM) of quadruplicate samples. Differences between groups were compared 
with the Mann–Whitney test. Prism software 4 (Graphpad Software, San Diego, 
CA) was used for statistical analysis and graphing. Differences were considered 
signi fi cant at  P  < 0.05.   

    21.3   Results 

    21.3.1   Effect of TauCl on Differentiation of Preadipocytes 
into Adipocytes 

 To study the physiological effects of TauCl on human adipocyte differentiation, 
preadipocytes were cultured under differentiation conditions for 14 days in the pres-
ence or the absence of TauCl. As shown in Fig.  21.1a , the preadipocytes differentiated 
into adipocytes in the absence of TauCl, and differentiation was inhibited by TauCl in 
a dose-dependent manner. In addition, the differentiated adipocytes showed intracel-
lular lipid accumulation. The accumulated lipid droplets were examined by oil red O 
staining. In accordance with the degree of differentiation, the degree of oil red O stain-
ing was dose dependently decreased by TauCl (Fig.  21.1b, c ). Fat droplet formation 
was almost completely blocked by treatment with 600  m M TauCl. To test the cytotoxic 
effects of TauCl on preadipocytes, MTT assays were conducted after cells were treated 
with 1 mM TauCl for 14 days. Cell viability was not affected by TauCl at a concentra-
tion of 1 mM, suggesting that the inhibitory effect of TauCl on cell differentiation and 
lipid accumulation is not due to cytotoxicity (data not shown).   

    21.3.2   Effect of TauCl on Expression of Adipocyte-Speci fi c 
Proteins 

 To determine whether the inhibition of cell differentiation and fat accumulation 
resulted from TauCl-mediated alterations in the differentiation program, we exam-
ined the expression of a number of adipogenic proteins by Western blot analysis. 
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As shown in Fig.  21.2a , TauCl treatment reduced the protein levels of the major 
adipogenic transcription factors PPAR- g  and C/EBP- a  in preadipocytes. TauCl 
treatment at a concentration of 600  m M signi fi cantly reduced the protein levels of 
the major adipogenic transcription factors PPAR- g  and C/EBP- a . In addition, 
SREBP1, the upstream regulator of these transcription factors, was also downregu-
lated by TauCl treatment in a dose-dependent manner. The effect of TauCl on these 
factors was speci fi c, because the levels of  b -actin were unaffected. Furthermore, the 
expression of GLUT4, a protein speci fi c to adipocytes, was signi fi cantly reduced in 
the presence of TauCl in a dose-dependent manner (Fig.  21.2b ). These data suggest 
that TauCl downregulates the expression of SREBP1 and the subsequent expression 
of PPAR- g  and C/EBP- a , resulting in inhibition of adipocyte differentiation.   

  Fig. 21.1    Effect of TauCl on differentiation of preadipocytes into adipocytes. Human  preadipocytes 
were seeded into six-well plates and cultured until con fl uent. For differentiation, the culture 
medium was changed to adipocyte differentiation medium and cells were cultured for 2 weeks 
while changing the medium every 2 days with or without TauCl at different concentrations. 
( a ) Microscopic image of differentiated adipocytes before ( top row ) and after ( bottom row ) oil red 
O staining. ( b ) Image of differentiated adipocytes in six-well plate in the absence or the presence 
of different concentrations of TauCl. ( c ) Optical absorbance at 500 nm of the dye retained in 
adipocytes. Three independent experiments were performed in triplicate. The data shown are 
representative of three independent experiments, and similar results were obtained from all three. 
Values are expressed as mean ± standard error of the mean (SEM). ** P  < 0.01 versus no treatment 
with TauCl       
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    21.3.3   Effect of TauCl on Fat Accumulation and Adipocyte 
Dedifferentiation 

 To check if TauCl inhibits fat accumulation in differentiated adipocytes and induces 
the dedifferentiation of adipocytes into preadipocytes, TauCl was added to fully dif-
ferentiated adipocytes and cultured for 14 days. As shown in Fig.  21.3 , the degree 
of adipogenesis did not change; furthermore, oil red O staining showed that TauCl 
did not inhibit intracellular fat accumulation (Fig.  21.3a ). Expression of the 
adipocyte-speci fi c proteins PPAR- g , C/EBP- a , SREBP1, and GLUT4 was also not 
affected, even at a concentration of 600  m M TauCl (Fig.  21.3b, c ). These results 
suggest that TauCl does not lead to the dedifferentiation of adipocytes and does not 
affect fat accumulation in adipocytes.    

    21.4   Discussion 

 Adipose tissue, once viewed as simply a storage and release depot for lipids, is now 
considered to be an endocrine tissue (Halberg et al.  2008 ; Ronti et al.  2006  ) . Adipose 
tissue secretes pro- and anti-in fl ammatory adipokines such as adiponectin, leptin, 
visfatin, IL-6, and IL-8, which play critical roles in many aspects of the metabolic 
syndrome (Itoh et al.  2011  ) . Thus, obesity is an important topic in the realm of pub-
lic health and preventive medicine, since it is considered to be a risk factor associ-
ated with the genesis or development of various diseases, including coronary heart 

  Fig. 21.2    Inhibition of adipogenic gene expression by TauCl. Human preadipocytes were cultured 
for 14 days in the absence or the presence of TauCl as described in Fig.  21.1 . The cells were pre-
pared for ( a ) Western blot analysis and ( b ) semiquantitative RT-PCR. The data shown are represen-
tative of three independent experiments, and similar results were obtained from all three       
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disease, hypertension, type 2 diabetes mellitus, cancer, respiratory complications, 
and osteoarthritis (Shehzad et al.  2011 ; Sowers and Karvonen-Gutierrez  2010  ) . 
Increases in fat tissue result in part from an imbalance between energy intake and 
energy expenditure. It is also a result of increased adipogenesis, which includes 
adipocyte differentiation. Adipogenesis can occur even in adults, as observed in 
severe human obesity and rodents fed a high-carbohydrate or a high-fat diet 
(Kirkland et al.  1990  ) . Conversely, when energy intake is less than output, mobiliza-
tion of triglycerides leads to a decrease in adipose tissue mass. 

 There is increasing interest in  fi nding safe and effective antiobesity agents for 
long-term use. Thus, many research groups have focused on developing antiobesity 
agents from natural products such as plants (Cho et al.  2008  ) . However, the in vitro 
antiobesity effects of biomaterials extracted from plants and natural products are 
sometimes clinically negligible in humans (Gades and Stern  2005 ; Ho et al.  2001  ) . 

  Fig. 21.3    Effect of TauCl on fat accumulation and adipocyte dedifferentiation. TauCl was added 
to differentiated adipocytes, which were then further incubated in starvation medium for 14 days 
(medium was changed after 7 days of culture in the absence or the presence of different concentra-
tions of TauCl). ( a ) Dye retained in adipocytes was measured by optical absorbance at 500 nm. 
( b ) Western blot analysis and ( c ) semiquantitative RT-PCR of adipogenic gene expression. The 
data shown are representative of three independent experiments, and similar results were obtained 
from all three       
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Obesity is now viewed as a state of systemic, chronic low-grade in fl ammation, 
which directly promotes systemic insulin resistance (Apovian et al.  2008 ; Itoh et al. 
 2011  ) , which has led to increased interest in anti-in fl ammatory agents as a means of 
treating obesity. Some molecules, such as resolvins and protectins, are endogenously 
generated during the process of in fl ammation, and are then involved in terminating 
acute in fl ammation so that the local tissues can return to homeostasis (Ariel and 
Serhan  2007  ) . 

 TauCl is also endogenously produced during the in fl ammation process, in which 
it plays an important role (Schuller-Levis and Park  2004  ) . We thought that some of 
the endogenous by-products produced by the in fl ammation process might also be 
involved in the homeostasis of adipose tissue. Thus, we investigated whether TauCl 
affects the differentiation of adipocytes and the expression of adipokines, which may 
play important roles in energy metabolism and in fl ammation. TauCl inhibited human 
preadipocyte differentiation into adipocytes and intracellular lipid accumulation in a 
dose-dependent manner without cytotoxicity. However, taurine alone at concentra-
tions of 10–100 mM did not affect adipogenesis (data not shown), suggesting that 
TauCl has a speci fi c inhibitory effect on the differentiation of preadipocytes into 
adipocytes. Future studies seeking to develop TauCl as a therapeutic agent to treat 
obesity-related diseases or disorders should employ animal models with obesity-
related diseases. In addition, it will be necessary to develop taurine derivatives that 
are more stable and effective than TauCl, which is unstable and easily degraded at 
room temperature. TauCl derivatives should be safer for long-term use than extracts 
from natural materials, because TauCl is an endogenously generated molecule. 

 Some concerns should be raised regarding the anti-adipogenic effects of TauCl 
when used as an antiobesity drug. Adipose tissue comprises approximately 50% 
adipocytes and 50% other cell types, including preadipocytes; vascular, neural, and 
immune cells; and leucocytes (Compher and Badellino  2008  ) . The number of adi-
poctyes is determined during early adulthood, and changes in fat mass are attributed 
to changes in adipocyte cell size (Spalding et al.  2008  ) . Thus, most adult-onset obe-
sity appears to be related to the hypertrophy of adipocytes; in addition to insulin 
resistance, enlarged adipocytes appear to be the factor most closely correlated with 
obesity (Bjorntorp et al.  1971 ; Weyer et al.  2000  ) . Therefore, TauCl, which had 
in vitro anti-adipogenic effects in the present study, may not have any therapeutic 
effects on obesity-related diseases in adult humans. However, the adipocyte turn-
over rate in humans was recently established to be about 10% per year (Spalding 
et al.  2008  ) . If endogenous anti-adipogenic molecules such as TauCl could be taken 
for long periods of time without side effects, they might reduce the number of adi-
pocytes, thereby leading to loss of fat mass. 

 Adipose tissue also serves as a source of adipokines and cytokines, which have 
both local and systemic actions in health and disease. The adipocytes, preadipo-
cytes, and macrophages within adipose tissue secrete a wide range of hormones 
and cytokines, including IL-6, IL-8, IL-1 b , and monocyte chemoattractant protein 
(MCP-1). It is now evident that many of these adipokines have the ability to 
in fl uence other tissues, such as liver and muscle. For example, IL-6 promotes 
in fl ammation not only in adipose tissue but also in endothelial and liver cells 
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(Klover et al.  2005  ) . IL-6 also promotes insulin resistance by interfering with 
insulin signaling in  adipose tissue (Rotter et al.  2003  ) . In general, pro-in fl ammatory 
cytokines have been demonstrated to prevent in vitro adipocyte differentiation 
from preadipocytes and to enhance lipolytic activity in adipocytes, leading to the 
so-called dedifferentiation (Coppack  2001 ; Gregoire et al.  1998  ) .  

    21.5   Conclusion 

 TauCl, which is endogenously produced by immune cells such as macrophages 
that have in fi ltrated adipose tissue, may inhibit the differentiation of preadipocytes 
into adipocytes and modulate the expression of adipokines in adipocytes. Thus, 
TauCl could potentially be developed into a safe drug therapy for obesity-related 
diseases.      
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  Abstract   Taurine chloramine (TauCl) is produced from taurine by the 
 myeloperoxidase-halide system in activated neutrophils via a stoichiometric reac-
tion between taurine and HOCl. TauCl has been shown to provide cytoprotection 
against in fl ammatory tissue injury by inhibiting the overproduction of in fl ammatory 
mediators and also by increasing the expression of antioxidant enzymes that are 
regulated by nuclear factor E2-related factor 2 in murine macrophages. In this study, 
primary murine macrophages were prepared after either by injection of 3% thiogly-
colate into mouse peritoneal cavity or by differentiation of the isolated bone marrow 
cells. TauCl increased HO-1, Prx-1, and Trx-1 expression in murine primary 
 macrophages. Also, when TauCl was injected in combination with 3% thioglyco-
late, HO-1 expression in the peritoneal macrophages was increased. Our results 
suggest that TauCl plays a protective role against cytotoxicity of oxidative stress in 
macrophages by increasing the expression of antioxidant enzymes in vivo.  

  Abbreviations  

  ARE    Antioxidant response element   
  BMDM    Bone marrow-derived macrophages   
  GPx    Glutathione peroxidase   
  HO    Heme oxygenase   
  Keap    Kelch-like ECH-associated protein   
  LPS    Lipopolysaccharide   
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  M-CSF    Macrophage colony stimulating factor   
  MMP    Metalloproteinase   
  MPO    Myeloperoxidase   
  Nrf2    Nuclear factor E2-related factor   
  Prx    Peroxiredoxin   
  TauCl    Taurine chloramine   
  TNF- a     Tumor necrosis factor- a    
  Trx    Thioredoxin         

    22.1   Introduction 

 Taurine chloramine (TauCl), a chlorine derivative of taurine (2-aminoethanesul-
fonic acid), is produced mainly by the myeloperoxidase (MPO)-halide system in 
activated neutrophils at in fl ammatory tissues. The production of TauCl upon 
removal of highly toxic hypochlorite (HOCl) reduces cellular toxicity and the 
TauCl released from apoptotic neutrophils possesses its own anti-in fl ammatory 
and antioxidant activities in the in fl amed tissues. TauCl inhibits the production 
of in fl ammatory mediators such as superoxide anion (O 

2
  − ), nitric oxide (NO), 

tumor necrosis factor- a  (TNF- a ), interleukins, prostaglandins and proteolytic 
enzymes including metalloproteinase (MMP)-1 and 13 (Park et al.  1995 ; Kim 
et al.  1996 ; Marcinkiewicz et al.  1995,   1999 ; Kim and Kim  2005 ; Kim et al. 
 2007,   2010b  ) . Furthermore, TauCl increases the expression of antioxidant 
enzymes, including heme oxygenase 1 (HO-1), peroxiredoxin (Prx), thioredoxin 
(Trx), glutathione peroxidase (GPx), and catalase, and provides the cytoprotec-
tive antioxidant effect against the toxicity of in fl ammatory mediators given 
in vitro (Olszanecki and Marcinkiewicz  2004 ; Jang et al.  2009 ; Kim et al.  2010a  ) . 
The anti-in fl ammatory and antioxidant effects of TauCl allow inhibition of cell 
death and prevention of chronic in fl ammatory diseases in mice (Jang et al.  2009 ; 
Piao et al.  2011 ; Wang et al.  2011  ) . 

 HO-1, Prx, Trx, and GPx are antioxidants whose expressions are upregulated by 
a redox-sensitive transcription factor, nuclear factor E2-related factor (Nrf2). 
Under normal state, Nrf2 binds to Kelch-like ECH-associated protein 1 (Keap1) in 
the cytoplasm. Upon oxidative stimulation, Nrf2 dissociates from Keap1 and trans-
locates into the nucleus, binds to antioxidant response element (ARE) in the 
nucleus and stimulates the transcription of many oxidative stress-inducible anti-
oxidant enzyme genes including,  ho-1 ,  prx ,  trx , and  gpx . In RAW 264.7 cells 
treated with TauCl, the intracellular GSH level at early time points decreases, and 
this GSH depletion changes cellular redox balance toward oxidative stress and 
subsequently inactivates Keap1 but activates Nrf2. Thus, TauCl promotes the 
translocation of activated Nrf2 into the nucleus and its binding to ARE (Jang et al. 
 2009 ; Kim et al.  2010a  ) . 
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 HO catalyzes the degradation of free-heme to yield ferrous iron, carbon  monoxide 
(CO), and biliverdin, which is converted to a strong antioxidant bilirubin (Tenhunen 
et al.  1968  ) . Among the three HO isoforms, HO-1 is inducible and HO activity is 
increased upon exposure to free heme released from heme enzymes by oxidative 
stress. Among the products of HO activity, CO itself has anti-in fl ammatory and 
cytoprotective effects, and bilirubin serves as a potent intracellular antioxidant; 
thus, increase of HO expression protects cells from oxidative damage and prevents 
cell death (Otterbein et al.  2000  ) . In this study, in an effort to support the observa-
tions that have been made in vitro, we investigated whether TauCl administered 
in vivo induces the Nrf2-regulated antioxidants in primary macrophages isolated 
from mouse peritoneum.  

    22.2   Methods 

    22.2.1   Antibodies and Reagents 

 Antibodies against Nrf2 (Santa Cruz Biotechnology, Santa Cruz, CA), Keap1 (Santa 
Cruz), Prx-1 (AbFrontier, Seoul, Korea), Trx-1 (AbFrontier), and HO-1 (Enzo, 
Farmingdale, NY) were purchased from commercial sources. Dulbecco’s modi fi ed 
Eagle’s medium (DMEM),  a -minimal essential medium ( a -MEM), fetal bovine 
serum (FBS), phosphate-buffered saline (PBS), penicillin, and streptomycin were 
purchased from HyClone (Logan, UT). Other routinely used chemicals were pur-
chased from Sigma (St. Louis, MO) unless otherwise stated. TauCl was synthesized 
freshly on the day of use by adding 400 mM NaOCl (Aldrich, Milwaukee, MI) to 
equimolar amounts of taurine. The authenticity of TauCl formation was monitored 
by its UV absorption at 200–400 nm (Thomas et al.  1986  ) .  

    22.2.2   Preparation of Murine Peritoneal Macrophages 

 Murine macrophages were obtained from C57BL/6 mice (Jackson Laboratories, 
Bar Harbor, MA) that have been injected with 1 ml of 3% sterile thioglycolate broth 
intraperitoneally. After 4 days, the peritoneal exudate cells were harvested by wash-
ing the peritoneal cavity with ice-cold PBS. The cells were incubated in DMEM 
supplemented with 10% FBS, 100 U/ml penicillin, and 100  m g/ml streptomycin in 
5% CO 

2
  at 37°C. On the next day, adherent cells were removed and suspended cells 

were cultured for 2 more days. Murine peritoneal macrophages were treated in vitro 
with 1  m g/ml lipopolysaccharide (LPS) or TauCl (0.1, 0.2, 0.5, and 0.7 mM) for 
24 h. To see the in vivo effect of TauCl on peritoneal macrophages, various 
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 concentrations of TauCl was injected together with thioglycolate broth prior to the 
isolation of primary macrophages.  

    22.2.3   Preparation of Bone Marrow-Derived Macrophages 

 Murine bone marrow-derived macrophages (BMDM) were prepared as described 
previously (Yamauchi et al.  2004  ) . Brie fl y, bone marrow cells were isolated from 
femurs and tibias  fl ushed with  a -MEM using a 22-gauge needle (KOVAX, Seoul, 
Korea). The cells were pelleted by centrifugation at 500 ×  g  for 10 min at 4°C and 
the RBC was lysed. Following lysis of RBC, bone marrow cells were resuspended 
in DMEM containing 20% FBS, penicillin, streptomycin, and 5 ng/ml macrophage 
colony stimulating factor (M-CSF) and cultured in 5% CO 

2
  at 37°C. After discard-

ing the adherent cells, suspended cells were cultured in DMEM containing 20% 
FBS and 30 ng/ml M-CSF. Every 3 days, the medium was replaced with fresh 
medium. At 10–12 days after harvesting the bone marrow cells, the adherent bone 
marrow-derived macrophages were collected.  

    22.2.4   Western Blot Analysis 

 Cell were lysed in ice-cold lysis buffer containing 50 mM Tris–HCl (pH 7.4), 
150 mM NaCl, 1% NP-40, 1 mM EDTA, 0.25% Na-deoxycholate, 0.1% sodium 
dodecyl sulfate (SDS), 10  m M leupeptin, 20  m g/ml chymostatin, and 2 mM phenyl-
methylsulfonyl  fl uoride. Protein concentration in the lysates was quanti fi ed using 
the bicinchoninic acid protein assay kit (Pierce, Rockford, IL). Equal amounts of 
lysate proteins were mixed with 5× Laemmli sample buffer and subjected to 12% 
SDS-polyacrylamide gel electrophoresis. Separated proteins were transferred onto 
polyvinylidene  fl uoride membrane (Bio-Rad, Hercules, CA) and immersed in TBST 
buffer (10 mM Tris–HCl, pH 6.8, 150 mM NaCl, and 0.05% Tween 20) containing 
6% skim milk to block nonspeci fi c binding. Then, the separated protein bands were 
detected using the ECL method (Pierce).  

    22.2.5   Statistical Analysis 

 Statistical signi fi cance of differences was determined by two-tailed Student’s  t -test. 
Each value was expressed as the mean ± SD. Differences were considered statisti-
cally signi fi cant when the calculated  p  value was less than 0.05.   
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    22.3   Results 

    22.3.1   TauCl Treatment Increases Cellular Content 
of Antioxidant Enzymes in Murine Peritoneal 
Macrophages and BMDM 

 Antioxidant proteins like HO-1, Prx, and Trx protect cells from oxidative 
 cytotoxicity caused by reactive oxygen species such as O 

2
  − , H 

2
 O 

2
 , and HOCl. To 

examine the effect of TauCl on the expression of HO-1, Prx-1, and Trx-1 in the 
isolated peritoneal macrophages from C57BL/6 mice, they were treated with vari-
ous concentrations of TauCl (0.2, 0.5, and 0.7 mM) for 24 h. HO-1, Prx-1, and 
Trx-1 expressions in peritoneal macrophage were increased by TauCl treatment 
(Fig.  22.1a, b ).  

 The transcription factor Nrf2 plays a central role in enhancing the expression 
of many cytoprotective antioxidant enzyme genes including  ho-1 ,  prx , and  trx  that 
are induced in response to oxidative stress and electrophiles. Nrf2 is associated 
with Keap1 and undergoes continuous degradation in the cytosol, and thus Keap1 
is essential for the regulation of Nrf2 activity. To explore the effect of TauCl on 
cellular content of Nrf2 and Keap1 in peritoneal macrophages, cells were treated 
with various concentrations of TauCl (0.1, 0.2, and 0.5 mM) for 24 h. The cellular 
content of Nrf2 and Keap1 was not altered by the TauCl treatment (Fig.  22.1c ). 
This result was consistent with our previous results obtained with RAW 264.7 
cells treated with TauCl (Kim et al.  2010a  ) . Thus, TauCl induces the expression of 
HO-1, Prx-1, and Trx-1 in murine peritoneal macrophages without affecting cel-
lular content of Nrf2 and Keap1. 

 To examine the effect of TauCl on bone marrow-derived macrophages, BMDM 
were treated with TauCl for 12 h and HO-1 expression was determined. HO-1 
expression was increased by TauCl treatment in a dose-dependent manner, and the 
increase was greater than that induced by LPS treatment (Fig.  22.2 ).   

    22.3.2   TauCl Injection Increases HO-1 Expression in Peritoneal 
Macrophages 

 To explore the in vivo effect of TauCl on peritoneal macrophages, various concen-
trations of TauCl (2, 5, and 10 mM) were injected into mouse peritoneal cavity in 
combination with 3% thioglycolate broth. The peritoneal macrophages were col-
lected at 4 days after the TauCl injection and cell lysates were prepared. HO-1 
expression in peritoneal cells obtained from TauCl-injected mice (Fig.  22.3 ) was 
increased showing that TauCl administration induces the expression of antioxidant 
enzymes in the peritoneal macrophages.    
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  Fig. 22.2    TauCl induces HO-1 expression in murine bone marrow-derived macrophages. BMDM 
were incubated with 1  m g/ml LPS or 0.5 and 0.7 mM TauCl for 12 h, and HO-1 expression was 
analyzed ( n  = 3)       

  Fig. 22.3    TauCl injection induces HO-1 expression in murine peritoneal macrophages. TauCl was 
injected into mouse peritoneal cavity in combination with 3% thioglycolate broth. Four days after 
TauCl injection, peritoneal macrophages were collected and HO-1 expression was analyzed 
( n  = 3)       

  Fig. 22.1    Effect of TauCl on Nrf2-regulated antioxidant enzyme expression in murine peritoneal 
macrophages. ( a ) Murine peritoneal macrophages were incubated with 1  m g/ml LPS and 0.2, 0.5, 
and 0.7 mM TauCl for 24 h, and the expression of antioxidant enzyme was analyzed by western 
blotting ( n  = 4). ( b ) Bar graphs represent the relative level of HO-1 expression. Data were expressed 
as the mean ± SD, * p  < 0.05 ( n  = 4 except 0.7 mM TauCl for which  n  = 2). ( c ) Expression of Nrf2 
and Keap1 were determined at 24 h after TauCl treatment ( n  = 2).  b -Actin was used as an internal 
control       
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    22.4   Discussion 

 Upon oxidative stress, heme is released from heme enzymes and the free heme 
mediates Fenton reaction producing hydroxyl radical (•OH) that cause free radical 
toxicity. Thus, to remove the released free heme, HO-1 is induced and the products 
of increased HO activity (CO and bilirubin) bring about anti-in fl ammatory and 
cytoprotective effects. In support, CO has been shown to inhibit the production of 
prostaglandin E2, O 

2
  −  and NO in neutrophils and macrophages (   Colville-Nash et al. 

 1998 ; Srisook et al.  2005  ) . Thus, induction of HO-1 that occurs in response to oxi-
dative stress is essential to maintain cellular homeostasis against the cytotoxicity of 
oxidative stress. 

 It has been reported that TauCl increases HO-1 expression in both the non-activated 
and LPS-activated J774.2 and RAW 264.7 cells (Olszanecki and Marcinkiewicz  2004 ; 
Jang et al.  2009 ; Kim et al.  2010a  ) . However, it has always been questioned whether 
the in vitro response shown in cell lines represents the response in vivo. Thus, we 
assessed whether the antioxidant enzyme expression is increased in response to TauCl 
using primary macrophages. TauCl induced antioxidant enzyme expression in perito-
neal macrophages and BMDM isolated from mouse as similarly with J774 cells and 
RAW 264.7 cells. Alternatively, in vivo administration of TauCl into the peritoneum 
of thioglycolate-treated mouse also induced HO-1 expression in peritoneal mac-
rophages. These results show that TauCl increases antioxidant enzyme expression 
both in vitro and in vivo, and explains the underlying reason by which TauCl ameliorates 
the collagen-induced arthritis in mice (Wang et al.  2011  ) . The TauCl concentration 
that was required for in vivo induction of HO-1 expression in peritoneum was as high 
as 5 mM (Fig.  22.3 ) while its concentration needed for the macrophages in vitro was 
as low as 0.2 mM (Fig.  22.1a ). Interestingly, there was no detectable cytotoxicity even 
at 10 mM TauCl injection. We tried to follow the TauCl concentration following the 
intraperitoneal injection. At this time, there is no available method to measure the 
in vivo concentration of TauCl. 

 We have shown that the TauCl-induced HO-1 expression is dependent on the 
nuclear translocation and binding of Nrf2 to ARE (Kim et al.  2010a ; Piao et al. 
 2011  ) . Although the precise mechanism by which TauCl activates Nrf2 is not clear 
for the moment, the TauCl-induced initial decrease in cellular GSH level and the 
resulting oxidative stress may have promoted inactivation of Keap1 that allows Nrf2 
activation, its translocation into nucleus and subsequent binding to ARE (Jang et al. 
 2009 ; Kim et al.  2010a  ) . In addition, Nrf2 knockdown in macrophages using Nrf2-
speci fi c siRNA attenuates the extent of TauCl inducible HO-1 expression (Kim 
et al.  2010a  ) . These results suggest that TauCl produced in vivo by the neutrophils 
at the in fl ammation site can induce the expression of antioxidant enzymes in mac-
rophages and that in turn protect surrounding cells and tissues from the oxidative 
damage caused by in fl ammatory mediators produced and secreted by activated 
macrophages. 

 Although the precise mechanisms underlying anti-in fl ammatory and cytoprotec-
tive effects of TauCl still need further investigation, TauCl produced in the activated 
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neutrophils by MPO system appears to protect surrounding cells from in fl ammatory 
and oxidative injuries by three mechanisms. First, the generation of TauCl removes 
highly cytotoxic hypochlorite. Second, TauCl inhibits the production of pro-
in fl ammatory mediators such as O 

2
  − , NO, TNF- a , interleukin-6 and -8, prostaglan-

dins, and MMPs. The inhibition of NO, TNF- a , prostaglandins and MMPs 
production resulted from the inhibition of nuclear factor-kappa B activation, a main 
transcription factor for production of in fl ammatory cytokines and mediators (Barua 
et al.  2001 ; Kanayama et al.  2002 ; Kontny et al.  2000 ; Kim and Kim  2005  ) . Third, 
TauCl diminishes oxidative stress by increasing the expression of antioxidant 
enzymes such as the Nrf2-dependent HO-1, Prx, GPx, and Trx and also the Nrf2-
independent catalase (Olszanecki and Marcinkiewicz  2004 ; Jang et al.  2009 ; Kim 
et al.  2010a  ) .  

    22.5   Conclusion 

 In summary, TauCl increases the expression of antioxidant enzymes including HO-1 in 
peritoneal macrophages and BMDM. This shows that TauCl produced at the 
in fl ammatory site may protect macrophages and surrounding tissues from cytotoxicity 
caused by in fl ammatory mediators by increasing antioxidants as well as by decreasing 
the production and secretion of pro-in fl ammatory mediators in vivo.      
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  Abstract   Bio fi lms are consortia of microorganisms (sessile cells) that form on 
various surfaces including mucosal membranes or teeth. Bacterial bio fi lms cause 
many human infections such as chronic sinusitis, acne vulgaris, periodontal 
diseases, and chronic wounds. These infections are persistent as they show increased 
resistance to antibiotics and host defense system. Taurine chloramine (TauCl) and 
taurine bromamine (TauBr) are the physiological products of activated neutrophils, 
resulting from the reaction between taurine with hypochlorous acid (HOCl) and 
hypobromous acid (HOBr), respectively. It has been shown in vitro that taurine 
haloamines exert antimicrobial properties against various pathogenic bacteria. 
Moreover, clinical studies have shown that both haloamines are effective in the local 
treatment of skin and mucose infections, including bio fi lm-related infections. 
Nevertheless, it has been not tested yet whether they can kill bacteria hidden in 
bio fi lm or disrupt bio fi lm structure. In this study we have investigated the capacity 
of TauCl and TauBr to inhibit in vitro the formation of  P. aeruginosa  bio fi lm. 
We have also tested their ability to destroy the mature bio fi lm. Our results suggest 
that TauBr is able to inhibit in vitro the formation of  P. aeruginosa  bio fi lm but 
cannot destroy the mature bio fi lm and effectively killed hidden bacteria. In further 
studies, the combined effect of TauBr and DNase, one of suggested bio fi lm inhibi-
tors, was tested. Together, we conclude that TauBr is a better than TauCl candidate 
for local therapy of bio fi lm-related infections. However, a combined therapy, an 
application of TauBr together with other anti-bio fi lm agents (e.g., DNase), seems to 
be more promising.  
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  Abbreviations  

  Tau    Taurine   
  TauCl    Taurine chloramine   
  TauBr    Taurine bromamine   
   P. aeruginosa      Pseudomonas aeruginosa    
  CFU    Colony forming units         

    23.1   Introduction 

 Taurine chloramine (TauCl) and taurine bromamine (TauBr), the main haloamines 
of neutrophil MPO-halide system, exert anti-in fl ammatory and microbicidal proper-
ties (Gaut et al.  2001 ; Marcinkiewicz et al.  2005 ;    Nagl et al.  2000a,   b  ) . Their bacte-
ricidal, fungicidal, antiviral, and antiparasitic activities in vitro have been 
demonstrated in a number of papers (Nagl et al.  2000a,   b,   2003 ; Marcinkiewicz 
et al.  2000,   2005 ; Yazdanbakhsh et al.  1987  ) . Moreover, well-documented outstand-
ing tolerability of TauCl allows the use of TauCl at a high concentration (1% aque-
ous solution) as a local antiseptic (Gottardi and Nagl  2010  ) . TauBr, in contrast to 
TauCl, shows its microbicidal properties even at very low physiological concentra-
tions (Marcinkiewicz et al.  2006  ) . However, all these data are related to TauCl/
TauBr antimicrobial activity against planktonic form of bacteria. On the other hand, 
a number of clinical studies have shown that both haloamines are effective in the 
local treatment of skin and mucosa infections, including bio fi lm-related infections 
(Marcinkiewicz et al.  2008 ; Gstöttner et al.  2003  ) . Nevertheless, it has not been 
tested yet whether they can kill bacteria hidden in a bio fi lm or disrupt bio fi lm struc-
ture in such diseases. 

 Microbial bio fi lms are the most common mode of growth of bacteria and fungi 
in nature, especially on epithelial surfaces and represents a microbial survival strat-
egy in an unfriendly environment (O’Toole et al.  2000 ; Sutherland  2001  ) . Bio fi lm 
formation is a dynamic process. Within few hours bacteria adhere to the surface 
irreversibly, multiply and produce extracellular polymeric substances (EPS), com-
ponents of the bio fi lm matrix. The composition of EPS varies depending upon the 
bacterial strain and the environmental conditions, but, in general EPS consists of 
exopolysacharides, proteins, and extracellular DNA (Sutherland  2001 ; Whitchurch 
et al.  2002  ) . Recently, a tremendous interest has been observed in the role of bio fi lms 
in chronic infectious diseases and in the resistance of bio fi lms to antibiotics, disin-
fectant chemicals and to phagocytosis (   Costerton  2002 ; Fux et al.  2005  ) . Thus, it is 
reasonable to put forward a question whether TauCl and TauBr are able to kill bac-
teria hidden in a bio fi lm or/and to destroy a protective exopolymeric matrix of form-
ing bio fi lms. 

 To address this issue, we tested the capacity of TauCl and TauBr to inhibit in vitro 
the formation of  Pseudomonas aeruginosa  bio fi lm. We have also tested their ability 
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to destroy the mature bio fi lm and to kill bio fi lm-hidden bacteria (sessile cells). 
We have chosen  P. aeruginosa  as it has been widely studied as a model organism 
for bio fi lm formation (Leid et al.  2005 ; Ghafoor et al.  2011  ) . Moreover, it is well 
documented, that  P. aeruginosa  chronic infections (skin wound infections, lung 
cystic  fi brosis) are characterized by a bio fi lm formation and are resistant to antibi-
otic/antiseptic treatment and the host immune response (Bjarnsholt et al.  2008 ; Fazli 
et al.  2009  ) . Therefore, such type of infections requires a novel therapeutic approach. 
Promising strategies may include the use of compounds that affect the bio fi lm structural 
integrity (e.g., DNase to destroy extracellular DNA, a key matrix component of 
 P. aeruginosa  bio fi lm), which will increase therapeutic ef fi cacy of antimicrobial 
agents (e.g., antibiotics, taurine haloamines).  

    23.2   Methods 

    23.2.1   Chemicals 

 Bovine Pancreatic DNase I from Sigma Aldrich,  N -chlorotaurine sodium salt 
(taurine chloramine, TauCl), a kind gift from Prof. Waldemar Gottardi and Prof. 
Marcus Nagl from the Division of Hygiene and Medical Microbiology, Innsbruck 
Medical University, Austria.  

    23.2.2   Preparation of Taurine Chloramine and Taurine 
Bromamine 

 TauCl ( N- chlorotaurine sodium salt) as a crystalline sodium salt (molecular weight 
181.57) was prepared as described previously (Gottardi and Nagl  2002  ) . Each prep-
aration of TauCl was monitored by UV absorption spectra (  l   = 200–400 nm) to 
assure the authenticity of TauCl (  l   = 252 nm) and the absence of dichloramine 
(TauCl 

2
 ) (  l   = 300 nm) and unreacted HOCl/OCl −  (  l   = 292 nm). The concentration of 

synthesized TauCl was determined using the molar extinction coef fi cient  w  
429 M −1  cm −1  at  A  

252
 . 

 TauBr was prepared in a two-step procedure. First, NaOBr was synthesized in 
reaction between equimolar amounts of NaOCl and NaBr (POCH, Poland) in the PBS 
solution. In such conditions virtually all the OCl −  present reacts with Br −  to form OBr −  
and Cl − . The presence and concentration of OBr −  was con fi rmed by UV spectra 
(  l   = 200–400 nm). In the second step, 20 mM NaOBr was added dropwise to equal 
volume of 400 mM taurine. UV absorption spectrum was checked to exclude the 
formation of taurine dibromamine or chloramines and to estimate the concentration of 
TauBr (molar extinction coef fi cient—430 M −1 cm −1  at  A  

288
 ). Stock solution of TauCl 

and TauBr was kept at 4°C for a maximum period of 3 days before use.  
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    23.2.3   Bacterial Cultures 

 All tests were performed in  Pseudomonas aeruginosa  strain KM/1 isolated from a 
sample taken from a patient with diabetic foot infection. The strain was propagated 
on 10 ml of Trypticase-Soy Broth (TSB, Difco) at 37°C for 24 h in aerobic condi-
tions. Then the culture was centrifuged (2,000 rpm; 10 min) and washed with 10 ml 
of saline. Stock suspensions of the strain (1 × 10 6 , 1 × 10 9  CFU/ml) were prepared by 
serial diluting of bacteria in saline using McFarland scale.  

    23.2.4   Growth Conditions and Measurement of Bio fi lm 
Formation by  P. aeruginosa  

  P. aeruginosa  bio fi lm was set up in sterile plastic 96-well plates with adherent 
surface (Greiner Bio-One, USA). Twenty microliter quantities of the bacterial 
suspensions, prepared as described above, were added to each well followed with 
180  m l of sterile TSB. The  fi nal concentration of the bacteria was 1 × 10 8  CFU/ml. 
The plates were centrifuged for 10 min at 2,000 rpm to sediment bacteria on the 
bottom of each well and then incubated for 72 h (37°C, aerobic conditions). 
Bio fi lm quantity (total mass of bacterial polysaccharides) was measured using 
Congo red dye according to a modi fi ed procedure described by Reuter et al. 
 (  2010  ) . Brie fl y, at different time points of the culture (0, 6, 18, 24, 48, and 72 h) 
the plates were centrifuged, the culture medium was gently removed from wells 
and immediately 200  m l of 0.1% Congo red solution was added. The plates were 
left for 30 min at room temperature and washed twice with buffered saline to 
remove unbound dye. Absorbance was measured at   l   = 492 nm wavelength using 
spectrophotometer (Awareness Technology Inc.). All measurements were per-
formed in triplicates and mean values ± SD are given.  

    23.2.5   Bactericidal Activity of the Tested Substances 

 Serial dilutions of TauBr (10–300  m M) and TauCl (300, 1,000  m M) in 1 ml saline 
were prepared. Then 100  m l of the bacterial suspensions were added to each tube 
containing graded concentration of the test substances to obtain  fi nal suspensions 
containing 1 × 10 5  and 1 × 10 8  CFU/ml of bacteria. The tubes were thoroughly mixed 
and incubated at 37°C. Samples of 100  m l were taken immediately after being mixed 
and after 0.5, 4, 8, and 24 h of the incubation, transferred and distributed on the 
surfaces of MacConkey agar (Difco) plates. The plates were further incubated for 
24 h (37°C, aerobic conditions) and numbers of the grown colonies were counted. 
The results are shown in CFU/ml.  



27323 Influence of Taurine Haloamines (TauCl and TauBr)...

    23.2.6   Effects of the Tested Agents on Bio fi lm Formation 
and on the Number of Viable Bacteria 

 The experiments were performed in two different phases of the bio fi lm formation 
by  Pseudomonas aeruginosa . 

  Model 1 : Tested agents (TauCl, TauBr) were added immediately after setting up of 
bacteria and early bio fi lm was measured, starting just after adherence of bacteria 
to a plastic surface. 

  Model 2 : Tested agents (TauCl, TauBr, and DNase) were added to mature bio fi lm 
(24 h after the induction) and the development of late (mature) bio fi lm was 
observed in further 48 h. 

  Experimental study design : 

  Model 1:  Formation of early bio fi lm under in fl uence of the tested substances was 
observed by  fi lling wells in 96-well plate with 20  m l of  P. aeruginosa  suspension and 
180  m l of TSB, as described above. Then, TauBr and TauCl were added at a  fi nal 
concentration of 300  m M. The plates were gently mixed and the samples were incu-
bated for 48 h at 37°C. Bio fi lm formation and the number of viable bacteria were 
checked in the following time points (0, 0.5, 4, 8, 24, and 48 h), as described above. 

  Model 2A:  In fl uence of 300  m M TauBr and TauCl on the already formed late bio fi lm 
of  P. aeruginosa  was measured as in Model-1, but the tested substances were 
added 24 h after adherence of bacteria to the wells. Then the samples were incu-
bated as above. Bio fi lm formation and the number of bacteria were measured in 
the following time points (0, 0.5, 4, 8, 24, and 48 h). 

  Model 2B:  Combined effects of TauBr and DNase on the development of late bio fi lm and 
number of viable bacteria were tested. DNase (100, 300  m g/ml) and TauBr (300, 
1,000  m M) were added to the 24 h cultures containing standardized suspension of  
P. aeruginosa  strain KM/1 (1 × 10 8  CFU/ml) and TSB medium. First, the enzyme was 
added and followed by TauBr after 30 min. Such procedure was repeated three times 
every 12 h. Altogether, the culture was run for 48 h. Bio fi lm formation and the number 
of bacteria were measured immediately after addition of the tested substances and then 
after 8, 24, and 48 h.   

    23.3   Results and Discussion 

    23.3.1   Bactericidal Activity of TauCl and TauBr Against 
Planktonic Form of  P. aeruginosa  

 Previously it has been demonstrated that both haloamines, TauCl and TauBr, show 
microbicidal activities against various microbes, including major pathogens associ-
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ated with skin and wound infections, such as  Staphylococcus aureus  and 
 Pseudomonas aeruginosa . In the majority of tests in vitro bactericidal activity of 
these haloamines was measured against planktonic form of bacteria used at concen-
trations ranging from 10 5  to 10 6  CFU/ml (Nagl et al.  2000a,   b ; Marcinkiewicz et al. 
 2000,   2006  ) . In such conditions TauBr killed all tested bacteria strains within rela-
tively short time of 10–30 min, with MBC below 100  m M. TauCl, in contrast to 
TauBr, needs to be used in much higher millimolar concentrations to achieve a 
signi fi cant killing of pathogens within 30 min, which is possible due to its outstand-
ing tolerability. Indeed, TauCl as a local antiseptic is used in 1% solution (55 mM) 
(Gottardi and Nagl  2010  ) . 

 In our study we have tested bactericidal properties of TauCl and TauBr against  
P. aeruginosa , one of the most common pathogens of wound infections (Fazli et al. 
 2009 ; Tascini et al.  2006 ; Zhao et al.  2010  ) . To achieve results con fi rming the ability 
of TauCl and TauBr to kill  in vivo , we performed the experiments in conditions 
related to skin infections. First, planktonic form of  P. aeruginosa  was used at very 
high concentration (~10 8  bacteria/ml). Second, we have investigated the effect of 
TauCl and TauBr on bio fi lm formation by  P. aeruginosa , the common form of bac-
teria existing  in vivo  (Fig.  23.1 ).     

 TauCl, at a concentration of 1,000  m M, signi fi cantly decreased the number of 
viable bacteria but only in the low density culture (10 5  CFU/ml), as shown in Fig.  23.2 . 
Incubation times of 4 h were needed for a 3 log 10 reduction of planktonic form of 
 P. aeruginosa  (Fig.  23.2a ). At these experimental conditions TauCl was ineffective 
against the high density bacteria population (10 8  CFU/ml). TauBr, however, con fi rmed 
its stronger bactericidal properties than TauCl. TauBr, at a concentration of 300  m M, 
completely inhibited the growth of the low density population of  P. aeruginosa  within 
30 min. To achieve the same bactericidal effect against the high density population of 
 P. aeruginosa , TauBr needed 4 h incubation time (Fig.  23.2b ).  

  Fig. 23.1    The representative record of kinetics of bio fi lm formation by  P. aeruginosa  cultured in 
the Trypticase-Soy Broth (TSB). Congo red staining was used for measuring bio fi lm formation. 
Plot depicts mean values ± SD of absorbance [  l   = 492 nm]. The average was calculated on the 
basis of three replicates ( n  = 3). A high amount of bio fi lm was observed after 24 h, followed by 
plateau and a typical breakdown of bio fi lm growth after 72 h of the culture       
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 To demonstrate ef fi ciency of antimicrobial agents against high density bacterial 
population (>10 7  CFU/ml) is of great importance as bacteria may achieve such val-
ues at a site of in fl ammation. For example, the number of  Propionibacterium acnes  
isolated from acne in fl ammatory lesions has been estimated in a range of 10 7 –
10 10  CFU/ml (Burkhart et al.  1999  ) . In summary, the present data (Fig.  23.2 ) show 
that TauBr and TauCl can markedly inhibit a growth of planktonic form of  P. aerugi-
nosa . It also suggests that taurine haloamines are able to prevent bio fi lm formation. 
To con fi rm this hypothesis  P. aeruginosa  bio fi lm growth was stimulated in the pres-
ence of TauCl and TauBr. As expected, TauBr not only signi fi cantly reduced the 
number of viable bacteria (CFU) but also completely blocked formation of a bio fi lm 
as shown by Congo red assay (Fig.  23.3a ). Interestingly, in these experimental 

  Fig. 23.2    Bactericidal activity of TauCl and TauBr against planktonic form of  P. aeruginosa.  
TauBr and TauCl, used at different concentrations, were incubated with  P. aeruginosa  ( a ) 105 CFU/
ml or ( b ) 108 CFU/ml. We used  P. aeruginosa  in TSB broth alone, as a control. Results depict 
CFU/ml measured at different time intervals; detection limit—100 CFU/ml       
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conditions TauCl also affects bio fi lm formation. However, the bactericidal activity 
of TauBr was stronger than TauCl and the effect was achieved within a shorter 
period of time (Fig.  23.3b ).  

 A time factor is crucial in killing bacteria  in vivo  at a gate of infections, as it is 
necessary to precede bacteria binding to surfaces, the  fi rst stage of bio fi lm forma-
tion (Bjarnsholt et al.  2008 ; Fazli et al.  2009  ) . As microbial bio fi lms are the most 
common mode of growth of bacteria in nature (O’Toole et al.  2000  ) , it is reasonable 
to ask a question whether TauCl and TauBr are able to kill bacteria hidden in a 
bio fi lm or to destroy a protective exopolymeric matrix of growing bio fi lms.  

  Fig. 23.3    Effects of TauCl and TauBr on the early stages of bio fi lm formation. Model 1:  P. aeruginosa  
suspension in TSB broth was incubated with 300  m M TauBr or TauCl for 48 h at 37°C. We used a 
culture of  P. aeruginosa  in TSB broth alone, as a control. Bio fi lm formation ( a ) and the number of 
viable bacteria ( b ) were measured at the following time points (0, 0.5, 4, 8, 24, and 48 h), as 
described in Sect.  23.2 . Results depict mean values ± SD calculated from three replicates ( n  = 3)       
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    23.3.2   The Effect of TauBr and TauCl on the Development 
of the Mature  P. aeruginosa  Bio fi lm and a Number 
of  P. aeruginosa  Sessile Cells 

 To determine whether taurine haloamines can kill bacteria hidden in bio fi lms we 
investigated the activity of TauCl and TauBr against a mature, 24 h old, mature 
bio fi lm. In contrast to their high bactericidal ef fi cacy against planktonic form of  
P. aeruginosa  in these experimental conditions, neither TauCl nor TauBr could 
affect bio fi lm structure (Fig.  23.4a ) and kill sessile bacteria (Fig.  23.4b ). Neither the 
absorbance (Congo red assay of bio fi lm formation) nor the number of bacteria 
(CFU/ml) changed even after 48 h of culture in the presence of TauCl and TauBr. 
This lack of effect may be explained by a well known resistance of bio fi lms to anti-
biotics and antiseptics. It has been documented that bacteria in bio fi lms may be even 
50–500 times more resistant to antibiotics than their planktonic counterparts (Mah 
and O’Toole  2001  ) .  

 The resistance to TauBr and TauCl may be explained by the fact that bio fi lm 
effectively weakens the effect of test substances by limiting their access to the 
bacteria. 

    23.3.2.1   The Effect of DNase Alone and in a Combination with TauBr 
on the Development of the Mature  P. aeruginosa  Bio fi lm 
and Survival of Bio fi lm Hidden Bacteria 

 To enhance TauBr ef fi ciency in killing of bio fi lm hidden bacteria, we have decided 
to destroy the structure of bio fi lm prior to administration of TauBr. Based on other 
reports (Allesen-Holm et al.  2006 ; Fuxman Bass et al.  2010 ; Montanaro et al. 
 2011  ) , we have chosen an extracellular DNA, one of the components of  P. aerugi-
nosa  matrix, as a target. DNase was used to digest extracellular DNA and to dam-
age the structure of the bio fi lm and facilitate access of TauBr to the sessile cells 
of  P. aeruginosa  (Martins et al.  2012 ; Yang et al.  2007  ) . The experiments were 
performed according to the two protocols, with DNase used at low (Fig.  23.5 ) and 
high (Fig.  23.6 ) concentrations. We found that low concentration of DNase did not 
affect bio fi lm formation and further application of TauBr did not reduce the growth 
of bacteria.   

 Interestingly, DNase used at a high concentration of 300  m g/ml led to a breach of 
the three-dimensional structure and reduced total mass of bio fi lm. However, the 
number of viable bacteria did not change after application of DNase and TauBr. 

 Why is bactericidal activity of TauBr against bio fi lm bacteria suppressed in our 
experimental conditions? We speculate that the lack of TauBr effectiveness may 
be caused by the two independent factors. First, the access of TauBr to sessile 
cells is limited, resulting in a reduction of its concentrations to the noneffective 
values. Second, maybe still unknown product(s) of  P. aeruginosa  bio fi lm 
neutralize(s) TauBr activity. Hydrogen peroxide is one of candidates. H 

2
 O 

2
 , the prod-
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uct of activated phagocytes and some bacteria, interacts with TauBr and being at 
the same concentration as TauBr, completely inhibits its activity (Marcinkiewicz 
et al.  2000,   2005  ) . Therefore, in order to improve effectiveness of TauBr, it should 
be either served in a big excess, or bio fi lm structure should be destroy. The  fi rst 
strategy is supported by our previous studies. We have shown that  Propionibacterium 
acnes,  a major pathogen of bio fi lm-associated acne lesions (Holmberg et al. 
 2009  ) , was killed by a topical application of 3 mM TauBr (Marcinkiewicz et al. 
 2008 ;    Marcinkiewicz  2009  ) . On the other hand, the second strategy used in the 
present studies, which included addition of DNase, was only slightly effective. 
Maybe DNase was added too late, and like in other reports, DNase did not 
destroy a structure of mature  P. aeruginosa  bio fi lm (Whitchurch et al.  2002 ; 

  Fig. 23.4    Effects of TauCl and TauBr on the mature  P. aeruginosa  bio fi lm. Model 2A: TauCl and 
TauBr, at a concentration of 300  m M, were added to the bacteria culture 24 h after induction of 
bio fi lm. The development of bio fi lm (absorbance of Congo red staining) ( a ) and the number of 
bacteria (CFU) ( b ) were monitored for the next 48 h. We used a culture of  P. aeruginosa  in TSB 
broth as a control. Results depict mean values ± SD calculated from three replicates ( n  = 3)       
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Yang et al.  2007  ) . A resistance of bio fi lms to the DNase treatment may be 
explained by the fact that a composition of bio fi lm extracellular matrix is not 
only species but also strain speci fi c, and it seems that agents other than extracel-
lular DNA may stabilize some bio fi lms (Ryder et al.  2007 ; Mann and Wozniak 
 2011  ) . For example, various pneumoccocal strains develop bio fi lms that exhibit 
extracellular DNA in the bio fi lm matrix; however, strains with high bio fi lm form-
ing index positively correlated with greater polysaccharide-associated structural 
complexity and antibiotic resistance (Hall-Stoodley et al.  2008  ) . Therefore, 
further studies are necessary to con fi rm our observations and to test the combined 
effect of TauBr with other anti-bio fi lm agents, such as those able to destroy poly-
saccharides, the second major component of  P. aeruginosa  bio fi lm matrix.    

  Fig. 23.5    Effects of TauBr and DNase on the mature  P. aeruginosa  bio fi lm. Model 2B: DNase 
(100  m g/ml) followed by TauBr (300  m M) was added to the bacteria culture 24 h after induction of 
bio fi lm, three times in the 4 h intervals. We used  P. aeruginosa  cultured in TSB broth without 
tested substances as a control. Both, bio fi lm growth ( a ) and the number of bacteria CFU/ml 
( b ) were monitored as described in Fig.  23.4 . Results depict mean values ± SD calculated from 
three replicates ( n  = 3)       
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    23.4   Conclusions 

 In summary, we would like to stress that the present preliminary results hardly touch 
the problem of unknown behavior and activity of taurine haloamines against bacte-
rial bio fi lm. It is an important clinical issue as all previous investigations are based 
on characterizing bactericidal properties of TauCl and TauBr against planktonic 
form of bacteria. In nature, however, most bacteria, including  P. aeruginosa,  exist as 
bio fi lms. Moreover, the present study also allows apprehending why TauCl must be 
applied as antiseptic in bio fi lms-associated infections at so extremely high concentration 

  Fig. 23.6    Effects of high concentrations of TauBr (1,000  m M) and DNase (300  m g/ml) on the 
mature  P. aeruginosa  bio fi lm (Model 2B). For experimental design see the legend for Fig.  23.4        
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(as 55 mM aqueous solution). In this study we have also shown that even TauBr, 
despite its strong bactericidal activity, is not suf fi ciently effective to kill sessile 
bacteria in bio fi lm. Combined effect of TauBr and DNase seems to be more promising, 
but in order to achieve better therapeutic effects, TauBr should be applied with other 
anti-bio fi lm agents. Further studies are necessary to prove the therapeutic potential 
of TauBr in a treatment of bio fi lm associated infections. Moreover, future experi-
mental models should be extended to other bacteria, as a composition and properties 
of bacterial bio fi lms depend on both a microenvironment and bacteria strains.      
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  Abstract   The present research aims to investigate the inhibition effect of taurine 
on the apoptosis of pancreatic islet cells induced by Streptozotocin (STZ). One 
hundred male Wistar rats weighing 180–200 g were randomly divided into two 
groups, rats in the experimental were intraperitoneally injected with 2% STZ 
(50 mg/kg bw, dissolved in 0.1 mmol/L pH 4.2 citrate buffer), rats in the control 
group were injected with the same volume of citrate buffer. Rats with the fasting 
blood glucose level higher than 16.7 mmol/L were selected and randomly divided 
into four groups: Rats in M group were STZ-induced diabetes rats, rats in T1, T2, 
and T3 groups were intragastrically administered with taurine (dissolved in 0.5% 
sodium carboxymethyl cellulose as thickening agent) once a day for 4 weeks with 
the contents of 0.6 g/kg, 1.2 g/kg, and 2.4 g/kg bw, respectively, while rats in group 
C and M were given the same amount of thickening agent as T2 group. Four weeks 
later, pancreatic tissues were  fi xed and processed for paraf fi n section. The results 
showed that STZ induced a signi fi cant increase in apoptotic rate of pancreatic islet 
cells, up-regulated the expression of bax and Fas and down-regulated the expression 
of Bcl-2, which were signi fi cantly blocked by taurine ( P  < 0.05). The results indi-
cated that taurine could signi fi cantly restrain apoptosis of pancreatic islet cells 
induced by STZ.  

  Abbreviations  

  T    Taurine   
  STZ    Streptozotocin         
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    24.1   Introduction 

 Apoptosis is the process of programmed cell death that may occur in multicellular 
organisms. Biochemical events lead to characteristic cell changes and death. These 
changes include blebbing, cell shrinkage, nuclear fragmentation, chromatin con-
densation, and chromosomal DNA fragmentation. In type 1 diabetes, apoptosis of 
pancreatic b-cells is the most critical and  fi nal step in the development of autoim-
mune diabetes (   Kurrer et al.  1997 ; Kim et al.  1999  ) . Perforin, FasL, TNF a , IL-1, 
IFN g , and NO have been claimed as effector molecules. They may also be important 
in the pathogenesis of type 2 diabetes, and recent reports comparing pancreatic tis-
sues from type 2 diabetic patients and nondiabetic subjects showed signi fi cantly 
higher rate of apoptosis in diabetic islets as opposed to the nondiabetic counterparts 
(Butler et al.  2003  ) . 

 Taurine, 2-aminoethane sulfonic acid, is present in many tissues and organs, 
especially in excitable tissues such as heart, retina, brain, and skeletal muscle 
(Huxtable  1992  ) . It has many important physiological functions such as regulating 
intracellular Ca 2+  concentration (Molchanova et al.  2005  ) , modulating in fl ammatory 
reactions (Park et al.  2002  ) , acting as a neuromediator and neuromodulator (   Kuriyama 
 1980 ), as well as anti-oxidization (Tong et al.  2006  ) , osmoregulation (Ozasa and 
Gould  1982  ) , and cholic acid production (Kase et al.  1986  ) . Many studies have 
shown that taurine can attenuate apoptosis induced by a number of factors in 
 different cell types. It has been reported that taurine can effectively prevent 
 myocardial ischemia-induced apoptosis by inhibiting the assembly of the Apaf-1/
caspase-9 apoptosome (   Takatani et al.  2004  ) . Taurine administered prior to stimu-
lation down-regulated FasL protein expression and partially inhibited apoptosis 
induced by IL-2 (   Maher et al.  2005  ) . Taurine can also attenuated hyperglycemia-
induced apoptosis in human tubular cells via an inhibition of oxidative stress and 
could exert a bene fi cial effect in preventing tubulointerstitial injury in diabetic 
nephropathy (Verzola et al.  2002  ) . Administration of taurine to St. Thomas’ 
cardioplegic solution improved cardiac function recovery for prolonged hypother-
mic rat heart preservation by suppressing DNA oxidative stress and cell apoptosis 
(Oriyanhan et al.  2005  ) . Taurine protected cerebellar neurons of the external granu-
lar layer against ethanol-induced apoptosis in 7-day-old mice (   Taranukhin et al.  2012  ) . 
In other investigations, taurine was found to attenuate rat hepatocyte apoptosis and 
necrosis through inhibition of both nitric oxide and reactive oxygen species 
(   Redmond et al.  1996  ) , and decrease human endothelial cell apoptosis through its 
antioxidant effect and regulation of intracellular calcium  fl ux (Wang et al.  1996 ; 
Wu et al.  1999  ) . 

 Pancreatic  b -cell apoptosis is known to participate in the  b -cell destruction pro-
cess that occurs in diabetes. A better understanding of how it takes place is essential 
for future development of therapeutic strategies aimed at preventing  b -cell loss and 
diabetes. In this study the possible role that taurine plays as an enhancer streptozo-
tocin (STZ)-mediated rat islet cell apoptosis in vivo and expressions of pro- and 
anti-apoptotic proteins were investigated.  
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    24.2   Methods 

    24.2.1   Experimental Design 

 One hundred male Wistar rats (230–250 g) were provided by Experimental Animal 
Center of China Medical University. They were maintained under controlled light 
(14 h-light, 10 h-dark) and temperature (22 ± 2°C), and were given free access to 
food and water. 

 One hundred rats were intraperitoneally injected with 2% STZ (50 mg/kg bw, 
dissolved in 0.1 mmol/L, pH 4.2 citrate buffer), the other 20 rats used as control (C) 
were injected with the same volume of citrate buffer. The level of blood glucose was 
measured using blood samples taken from vena caudalis 3 days after STZ injection. 
The rats with the fasting blood glucose level higher than 16.7 mmol/L were selected 
and randomly divided into  fi ve groups. Rats in M group were STZ-induced diabetes 
rats, rats in T1, T2, and T3 groups were intragastrically administered with taurine 
(dissolved in 0.5% sodium carboxymethyl cellulose as thickening agent) once a day 
for 4 weeks with the contents of 0.6, 1.2, and 2.4 g/kg bw, respectively, rats in C and 
M groups were given the same amount of thickening agent as T2 group. After 
4 weeks of taurine administration, the rats were sacri fi ced by decapitation, blood 
glucose levels were determined by Acute-Check Active Blood Glucose Monitoring 
Meter and Glucose Strip (America Rossi Pharmacy International Group 
Company).  

    24.2.2   Tissue Preparation 

 For Transferase-mediated nick end labeling (TUNEL) and immunohistochemical 
studies, pancreatic gland (25–15 mm) were sampled and  fi xed in 10% neutral buff-
ered formalin in phosphate buffered saline (PBS) for 72 h, and then were embedded 
in paraf fi n in a routine manner. Sections with 5  m m thickness were  fl oated onto a 
distilled water bath (45°C), collected on SuperFrost Plus slides, deparaf fi nized and 
rehydrated stepwise through an ethanol series, and processed for routine histologi-
cal analysis using hematoxylin and transferase-mediated nick end labeling (TUNEL) 
and immunohistochemistry.  

    24.2.3   Terminal Deoxynucleotidyl Transferase-Mediated 
Nick End Labeling    

 Tissue sections were treated with 1 mg/ml proteinase K in PBS at 37°C for 5 min. 
After being preincubated with terminal deoxynucleotidyl transferase (TdT) buffer 
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(200 mM potassium cacodylate, 25 mM Tris–HCl, 0.25 mg/ml BSA, pH 6.6) for 
10 min, the sections were reacted with TdT buffer containing100 IU/ml TdT and 
2.5 mM biotinylated 16-dUTP (Roche Diagnostics) at 37°C for 2 h. The reaction 
was terminated by washing with 50 mM Tris–HCl (pH 7.5). Endogenous peroxi-
dase was inactivated by immersing the sections in 0.3% H 

2
 O 

2
  in methanol for 

15 min, and then washed with 0.075% Brij (Sigma) in PBS. To block the 
nonspeci fi c reaction, the sections were incubated with 500 mg/ml normal rabbit 
IgG (Sigma) in 5% BSA/PBS for 1 h. The sections were then treated with horse-
radish peroxidase (HRP) labeled rabbit anti-biotin diluted with 1% BSA/PBS 
overnight. HRP sites were visualized by 3,3-diaminobenzidine/4HCl (DAB, 
Boshide, China) and H 

2
 O 

2
  for 6 min. The frequency of TUNEL-positive cells in 

the pancreatic gland was evaluated under a 400-fold microscope magni fi cation. 
The percentage of TUNEL-positive cells in the islet cells was calculated as the 
number of TUNEL-positive cells out of the number of total cells in the islet cells 
of diabetic, nondiabetic, and taurine administration rats. For counting the number 
of TUNEL-positive cells in the pancreatic gland of diabetic, nondiabetic, taurine-
added rat islet cells, and so on,  fi ve sections were randomly selected per pancre-
atic gland.  

    24.2.4   Immunohistochemical Staining 

 Rabbit polyclonal antibodies to bax (1:200), bcl-2 (1:200), and Fas (1:200) were 
obtained from Boshide, (Wuhan, China). After being deparaf fi nized, the sections 
were autoclaved at 121°C for 10 min in 0.01 M citrate buffer (pH 6.0) for bax, bcl-2, 
and Fas staining. The sections were then reacted with antibodies to bax, bcl-2, and 
Fas, respectively, overnight. After being washed with 0.075% Brij in PBS, the sec-
tions were reacted with biotinylated labeled rabbit anti-rat antibody (1:200) for 1 h 
at room temperature, and the biotinylated sites were visualized by DAB and H 

2
 O 

2
  

solution same as the TUNEL method. As negative control, slides were reacted with 
normal rat IgG instead of the speci fi c antibodies used above. No signal was detected 
in the negative control slides. All slides were reviewed and scored by two indepen-
dent observers blind to each other’s scoring.  

    24.2.5   Microscopy 

 Quantitative measurements were done on a Jiangsu Jetta 801 series of multimedia 
color morphological analysis system. Measurement of immunoreactive material 
was based on integral optical density.  
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    24.2.6   Statistics 

 The data were expressed as the mean number of bcl-2, bax, Fas positive and TUNEL-
positive cells per  fi ve pancreatic islands in each pancreatic tissue. Data were exam-
ined by one-way ANOVA using SPSS16.0. Tukey’s multiple-comparisons test was 
used to determine the signi fi cant differences ( P  < 0.05).   

    24.3   Results 

    24.3.1   Effect of Taurine on the Apoptosis 

 The apoptosis in islet cells of pancreatic gland was scarce in the control group, but 
the percentage of apoptosis was more in M group than the C group ( P  < 0.05). The 
rate of apoptosis in all taurine groups was much lower than the M group 
(Fig.  24.1 ).   

    24.3.2   Effect of Taurine on the Expression of Fas 

 The expression of Fas in islet cells of pancreatic gland was lower in the control 
group compared with the M group ( P  < 0.05). Which was markedly inhibited by 
intragastrically administered with taurine ( P  < 0.05) (Fig.  24.2 ).   

    24.3.3   Effect of Taurine on the Expression of bax 

 The expression of Fas in islet cells of pancreatic gland was much higher in M group 
compared with the control group ( P  < 0.05). As displayed by the image analysis, the 
integral optical density of bax was decreased by taurine administration ( P  < 0.05) 
(Fig.  24.3 ).   

    24.3.4   Effect of Taurine on the Expression of bcl-2 

 The expression of bcl-2 in islet cells of pancreatic gland was much lower in the M 
group compared with the control group ( P  < 0.05). As displayed by the image analy-
sis, the integral optical density of bcl-2 was decreased by taurine administration 
( P  < 0.05) (Fig.  24.4 ).    
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  Fig. 24.2    Effect of taurine on the integral optical density of Fas protein in islet cells of pancreatic 
gland. The rats were designated as control group, diabetic model group (M), and taurine groups (T) 
with subscript 1, 2, and 3. That is, taurine groups were intragastrically administered with taurine 
(dissolved in 0.5% sodium carboxymethyl cellulose as thickening agent) once a day for 4 weeks 
with the contents of 0.6 g/kg, 1.2 g/kg, and 2.4 g/kg bw, respectively, the rats in group C and M 
were given the same amount of thickening agent as T2 group. Measurements were made after 
4 weeks treatment. Data are the mean ± SD ( n  = 15). Values with  asterisk  are signi fi cantly different 
( P  < 0.05)       
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  Fig. 24.1    Effect of taurine on the apoptosis of islet cells. The rats were designated as control 
group, diabetic model group (M), and taurine groups (T) with subscript 1, 2, and 3. That is, taurine 
groups were intragastrically administered with taurine (dissolved in 0.5% sodium carboxymethyl 
cellulose as thickening agent) once a day for 4 weeks with the contents of 0.6 g/kg, 1.2 g/kg, and 
2.4 g/kg bw, respectively, the rats in group C and M were given the same amount of thickening 
agent as T2 group. Measurements were made after 4 weeks treatment. Data are the mean ± SD 
( n  = 15). Values with  asterisk  are signi fi cantly different ( P  < 0.05)       
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  Fig. 24.3    Effect of taurine on the integral optical density of bax protein in islet cells of pancreatic 
gland. The rats were designated as control group, diabetic model group (M), and taurine groups (T) 
with subscript 1, 2, and 3. That is, taurine groups were intragastrically administered with taurine 
(dissolved in 0.5% sodium carboxymethyl cellulose as thickening agent) once a day for 4 weeks 
with the contents of 0.6 g/kg, 1.2 g/kg, and 2.4 g/kg bw, respectively, the rats in group C and M 
were given the same amount of thickening agent as T2 group. Measurements were made after 
4 weeks treatment. Data are the mean ± SD ( n  = 15). Values with  asterisk  are signi fi cantly different 
( P  < 0.05)       

  Fig. 24.4    Effect of taurine on the integral optical density of bcl-2 protein in islet cells. The rats 
were designated as control group, diabetic model group (M), and taurine groups (T) with subscript 
1, 2, and 3. That is, taurine groups were intragastrically administered with taurine (dissolved in 
0.5% sodium carboxymethyl cellulose as thickening agent) once a day for 4 weeks with the con-
tents of 0.6 g/kg, 1.2 g/kg, and 2.4 g/kg bw, respectively, the rats in group C and M were given the 
same amount of thickening agent as T2 group. Measurements were made after 4 weeks treatment. 
Data are the mean ± SD ( n  = 15). Values with  asterisk  are signi fi cantly different ( P  < 0.05)       
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    24.4   Discussion 

 Pancreatic b-cell apoptosis is a pathological feature that is common to both type 1 
(T1DM) and type 2 diabetes (T2DM). In T1DM, b-cells are selectively destroyed 
after lymphoid in fi ltration of the islet. This autoimmune destruction results in insu-
lin de fi ciency and hyperglycemia. In T2DM, the reduced secretion of insulin which 
is in associated with insulin resistance lead to a glucose toxicity effect that, in the 
presence or absence of hyperlipidemia, contributes to b-cell death by apoptosis. 

 STZ was originally identi fi ed in the late 1950s as an antibiotic (   Vavra et al.  1959  ) . 
The drug was discovered in a strain of soil microbe  Streptomyces achromogenes  by 
scientists. In the mid-1960s STZ was found to be selectively toxic to the b-cells of 
the pancreatic islets, which normally regulate blood glucose levels by producing the 
hormone insulin. This suggested the drug’s use as an animal model of diabetes 
(   Mansford and Opie  1968 ; Rerup  1970  ) . From then on, STZ was widely used to 
study the mechanism of pancreatic b-cell death and diabetes. STZ enters the b-cell 
via a glucose transporter (GLUT2) and causes alkylation of DNA. DNA damage 
induces activation of poly ADP-ribosylation, a process that is more important for 
the diabetogenicity of STZ than DNA damage itself. Poly ADP-ribosylation leads 
to depletion of cellular NAD +  and ATP. Enhanced ATP dephosphorylation after STZ 
treatment supplies a substrate for xanthine oxidase resulting in the formation of 
superoxide radicals. Consequently, hydrogen peroxide and hydroxyl radicals are 
also generated. Furthermore, STZ liberates toxic amounts of nitric oxide that inhib-
its aconitase activity and participates in DNA damage. As a result of the streptozo-
tocin action, b-cells undergo the destruction (Szkudelski  2001  ) . 

 The effect of STZ on apoptosis in b-cells has been investigated by many authors 
and con fl icting results have been reported. STZ have been shown to induce apopto-
sis in b-cells. It was reported that the STZ-induced b-cell apoptosis develops very 
rapidly, within 8 h after STZ administration (   Wada and Yagihashi  2004  ) , while STZ 
did not induce islet cell apoptosis when incubated in normal glucose (Eizirik et al. 
 1988 ; Hoorens and Pipeleers  1999 ; Liu et al.  2002 ; Thomas et al.  2002  ) . In this 
study, the potential role of taurine in STZ-induced apoptosis of pancreatic b-cells 
was investigated (Fig.  24.1 ). The results showed that intraperitoneally injected with 
2% STZ (50 mg/kg bw) could induce apoptosis of pancreatic b-cells. Some differ-
ence results could be due to species, time course, and experimental models used. 

 The effect of taurine on  b -cell apoptosis has already been described in vitro. This 
study investigated the role of taurine on STZ-induced pancreatic b-cell apoptosis 
in vivo. The results showed that dose-dependent effects of taurine supplementation 
compensated in vivo for the STZ-induced pancreatic b-cells apoptosis (Fig.  24.1 ). 
In type 1 (autoimmune) diabetes, apoptosis of pancreatic b-cells is the most critical 
and  fi nal step in the development of autoimmune diabetes. It is also important in the 
pathogenesis of type 2 diabetes. Fas, or CD95, the rodent equivalent for human 
APO-1 could be the potential initiator for the increased apoptotic rate in islet cells, 
which belongs to the TNF-receptor family and is expressed in many cells. Fas–FasL 
interaction led to cleavage of procaspase-8 to caspase-8 which activated caspase-3 
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and DNA fragmentation (Stennicke and Salvesen  2000 ; Maedler et al.  2001  ) . The 
expression of Fas in islet cells has been shown in murine (   Lee et al.  1999  )  and 
humans (   Stassi et al.  1995  ) . In this study, similar to apoptosis, the percentage of Fas 
positive islet cells was increased by STZ. Taurine supplementation decreased the 
immunoreactivity of Fas in diabetic rats 4 weeks after STZ administration. These 
results suggested a possible role of Fas in the induction of apoptosis in islet cells, 
and also give a possible hypothesis on a mechanism of taurine in the protection of 
islet cells from apoptosis (Fig.  24.2 ). A delicate balance normally exists in the body 
between the anti-apoptotic and pro-apoptotic regulators of apoptosis to ensure the 
proper survival and turnover of different body cells. Imbalance in the apoptotic 
pathway occurs in disease scenarios. In the two of apoptosis signal transduction 
pathways, the ratio of bcl-2 family members is the key factor, especially bcl-2 and 
bax, which are the most representative members, have similar structure but the 
opposite function, the ratio of which directly determine the fate of islet cells on 
accepting the death message. In addition, up-regulation of several anti-apoptotic 
members of the bcl-2 family proteins, such as bcl-2 and bcl-xL, has been strongly 
associated with increased resistance to apoptosis and potentially linked with diabe-
tes susceptibility (Garchon et al.  1994 ; Hanke  2000  ) . On this basis, the effects of 
taurine and STZ on the expression levels of bcl-2 which is an anti-apoptotic intrac-
ellular mediator and bax which is a pro-apoptotic protein were analyzed. In this 
study, we established rat diabetic model by intraperitoneally injected with 2% STZ 
(50 mg/kg bw). The results demonstrated a signi fi cant increase in the expression of 
bax, together with a signi fi cant decrease of bcl-2 expression in diabetic model rats 
compared with the controls, which could be partly retrieve by taurine administration 
(Figs.  24.3  and  24.4 ).  

    24.5   Conclusion 

 The results demonstrated that taurine could inhibit STZ-mediated rat islet cell apop-
tosis and increase the expression of anti-apoptotic molecules and decrease the 
expression of apoptosis promoting molecules in rat islet cells.      
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  Abstract   Taurine plays signi fi cant physiological roles, including those involved in 
neurotransmission. Taurine is a potent  g -aminobutyric acid (GABA) agonist and 
alters cellular events via GABA 

A
  receptors. Alternately, taurine is transported into 

cells via the high af fi nity taurine transporter (TauT), where it may also play a regu-
latory role. We have previously demonstrated that treatment of Hit-T15 cells with 
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1 mM taurine for 24 h signi fi cantly decreases insulin and GABA levels. We have 
also demonstrated that chronic in vivo administration of taurine results in an up-
regulation of glutamic acid decarboxylase (GAD), the key enzyme in GABA syn-
thesis. Here, we wished to test if administration of 1 mM taurine for 24 h may 
increase release of another  b  cell neurotransmitter somatostatin (SST) and also 
directly impact up-regulation of GAD synthesis. Treatment with taurine did not 
signi fi cantly alter levels of SST ( p  > 0.05) or GAD67 ( p  > 0.05). This suggests that 
taurine does not directly affect SST release, nor does it directly affect GAD synthe-
sis. Taken together with our observation that taurine does promote GABA release 
via large dense-core vesicles, the data suggest that taurine may alter membrane 
potential, which in turn would affect calcium  fl ux. We show here that 1 mM taurine 
does not alter intracellular Ca 2+  concentrations from 20 to 80 s post treatment 
( p  > 0.05), but does increase Ca 2+   fl ux between 80 and 200 s post-treatment 
( p  < 0.005). This suggests that taurine may induce a biphasic response in  b  cells. The 
initial response of taurine via GABA 

A
  receptors hyperpolarizes  b  cell and seques-

ters Ca 2+ . Subsequently, taurine may affect Ca 2+   fl ux in long term via interaction 
with K 

ATP
  channels.  

  Abbreviations  

  GABA     g -Aminobutyric acid   
  Tau    Taurine   
  GAD    Glutamic acid decarboxylase   
  TauT    Taurine transporter   
  LDCV    Large dense-core vesicles   
  SLMV    Synapse-like microvesicles   
  SST    Somatostatin         

    25.1   Introduction 

    25.1.1   The Neuroendocrine Nature of the Pancreas 

 The pancreas is a dual function organ with both exocrine and endocrine portions. 
The endocrine portion contains  fi ve cell types, including the  a - and  b -cells respon-
sible respectively for secreting the peptide hormones glucagon and insulin. These 
are regarded as two master neuroendocrine cells, responsible for maintaining 
plasma glucose concentrations. Additional endocrine cells include the PP or F cell 
that secretes pancreatic polypeptide responsible for actions in the gastrointestinal 
tract, and G-cells that release gastrin to enhance gastric functions. For glucose 
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homeostasis, it is the relative plasma concentrations of glucose that dictates which 
of the exocytotic mechanisms predominates release of glucagon or insulin. However, 
the molecular machinery involved in the process is typically activated through 
changes in membrane potential facilitated by binding of neurotransmitters to their 
ionotropic receptors. The  fi nal cell type is the  d -cell, which appears to be a master 
regulator of all islet cells through its release of somatostatin (SST). 

 Along with the release of crucial glucose catabolic and anabolic hormones, the 
islet cells also secrete several neurotransmitters. Additional neurotransmitters syn-
thesized or released by islet cells are glutamate ( a -cells) and GABA ( b -cells). Other 
neurotransmitters participate in pancreatic regulation, but these are likely from neu-
ronal input. Therefore, the three major neurotransmitters regulating the endocrine 
pancreas are glutamate, GABA, and somatostatin. 

 In  a -cells, glutamate is stored in LDCV where it is co-released with glucagon 
(Hayashi et al.  2003  ) . Glutamate may bind to ionotropic glutamate receptors 
(AMPA-type receptor variant GluR4c- fl ip) on  d -cells (Muroyama et al.  2004  )  to 
stimulate release of somatostatin (SST). Alternately, glutamate may bind to AMPA/
KA receptors on  a -cells, serving as a positive autocrine mechanism to further glu-
cagon release (Cho et al.  2010 ; Koh et al.  2012  ) . 

 In  b -cells, insulin is stored in large dense-core vesicles (LDCV) along with some 
of the  g -aminobutyric acid (GABA) synthesized in the  b -cell, while a signi fi cant 
pool of GABA remains in synapse-like microvesicles (SLMV) (Sorenson et al. 
 1991 ; Nathan et al.  1995 ; Braun et al.  2004 ; Braun et al.  2007  ) . In vivo, plasma 
glucose levels of  ³ 2.8 mM are suf fi cient to stimulate the Ca 2+ -dependent release of 
insulin from  b -cells (Gilon et al.  1991  ) . Any GABA released along with the insulin 
may be suf fi cient to bind to GABA 

A
  receptors on  a  cells, initiating a hyperpolariza-

tion of  a -cells and reduce glucagon release (Rorsman et al.  1989 ; Suckale and 
Solimena  2010  ) . 

 SST from  d -cells inhibits the release of the insulin and glucagon from  a - and 
 b -cells (Ahren  2009  ) . These neurotransmitters allow for communication between 
islet cells that is complex and sophisticated in allowing for the cell communication 
in response to a rise or fall in glucose levels. Additionally, regulation of insulin and 
glucagon release (and thus glucose homeostasis) is also facilitated aided by SST 
secreted from the pancreatic  d  cells in response to high levels insulin and glucagon 
(Goldsmith et al.  1975 ; Efendic et al.  1979 ; Taborsky  1983  ) . 

 The initiation of insulin exocytosis includes multiple signaling events in the 
 b -cells beginning with the Na + -dependent, electrogenic glucose uptake. Once glu-
cose has entered the cytoplasm, glycolysis is initiated, resulting in the cytoplasmic 
accumulation of ATP; this increase in cytoplasmic ATP inhibits ATP-sensitive K +  
(K 

ATP
 ) channels, resulting in a depolarization of  b -cells. This depolarization ulti-

mately opens voltage-sensitive Ca 2+  channels; ensuing Ca2 +   fl ux stimulates exocy-
tosis of the LDCV containing both insulin and GABA. GABA then binds to the 
GABA 

A
  receptor on  a -cells, initiating a depolarization of  a -cells and subsequent 

inhibition of glucagon or to GABA 
A
  receptors on  b -cells (Gu et al.  1993 ; Braun 

et al.  2010  ) .  
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    25.1.2   Taurine as a Potential Neuromodulator 

 Taurine is a conditionally essential amino acid whose role as a GABA agonist in the 
developing brain has been well documented. Taurine concentrations remain high in 
the neonatal brain for about 6 weeks, and then drops to adult levels and remains as 
the predominant free amino acid in some tissues (e.g., retina) or second to glutamate 
(e.g., brain). It is present in high concentrations in excitable cells (neurons, cardio-
myocytes and skeletal muscle  fi bers) and maintains intracellular osmotic balance. 
Taurine may be synthesized from cysteine (Agrawal et al.  1971  )  or taken up into 
cells via the taurine transporter (TauT). In the brain, taurine acts as a GABA agonist, 
where it binds to GABA 

A
  receptors. Taurine activation of GABA 

A
  chloride channels 

alters membrane potential via rapid chloride uptake and subsequent hyperpolariza-
tion. Alternately, taurine may also exert a neurotransmitter-like effect through acti-
vation of glycine receptors. Although there is speculation of a taurine-speci fi c 
receptor, to date there is no de fi nitive proof of the existence of such a molecule 
(Wu and Prentice  2010  ) . 

 In the pancreas, we and others have shown that release of insulin from  b  cells may 
be regulated via the GABAergic signaling system (Kawai and Unger  1983 ; Satin and 
Kinard  1998 ; El Idrissi et al.  2009a,   2010,   2012 ; Braun et al.  2010 ; L’Amoreaux et al. 
 2010  ) . Additionally, we have shown that taurine treatment of  b -cell lines is suf fi cient 
to induce insulin and GABA release (L’Amoreaux et al.  2010  ) . When plasma glucose 
levels rise, glucose uptake into  b -cells leads to increased exocytosis of LDCV contain-
ing insulin and GABA. This calcium-dependent  exocytosis relies on the activation of 
voltage-sensitive calcium channels, which are activated upon depolarization of the 
membrane potential. The depolarization is driven by inhibition of K 

ATP
  channels when 

cytoplasmic ATP levels rise following glycolytic processing of glucose. Taurine also 
is able to modulate cytoplasmic ATP levels through its interactions with mitochondria 
(El Idrissi  2008  ) . Additionally, taurine also interacts with the sulfonylurea receptor 
subunit of K 

ATP
  channels to inhibit channel activity (Tricarico et al.  2000  ) . Inhibition 

of LDCV exocytosis may be derived by an autocrine feedback via activation of  b -cell 
GABA 

A
  receptors (Braun et al.  2010  ) , GABA 

B
  receptors (Gu et al.  1993  ) , or through 

SST regulation of  b -cell activity (McDermott and Sharp  1993 ; Doyle and Egan  2003  ) . 
To date, studies have shown taurine’s modulatory effects on cell activities through 
GABA 

A
  receptors, but not GABA 

B
.  We have previously demonstrated that taurine can 

lead to an up-regulation of somatostatin expression in brain (El Idrissi et al.  2009b  )  
and pancreatic islets (El Idrissi et al.  2010  ) . Taurine can stimulate release of SST from 
neurons (Aguila and McCann  1985  ) , but as yet there are no reports of taurine’s ef fi cacy 
in stimulating SST release in pancreas. 

 Therefore, we sought to examine a system by which taurine may participate in 
glucose homeostasis via GABA and SST signaling. Here, we used an isolated  b  cell 
line (Hit-T15) to investigate the ef fi cacy of taurine in altering SST and GAD  expression. 
Furthermore, we tested the ef fi cacy of taurine in initiating calcium  fl ux in these cells. 
Together, our data suggests that taurine may participate in glucose homeostasis.   
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    25.2   Methods 

    25.2.1   Taurine’s Effect on Somatostatin and GAD Levels 

 Pancreatic  b -cell lines Hit T-15 from Syrian hamster were grown in Ham’s F12-K 
medium. For treatments, cells were plated in complete medium on sterile cover 
glass at 5,000 cells/cm 2  until ~80% con fl uent. Cells were serum starved for 24 h 
prior to glucose and taurine treatments. The media were aspirated and replaced 
with glucose-free Ham’s medium supplemented with 1 mM glucose, 1 mM tau-
rine, or 3 mM glucose for 24 h. Following treatments with the supplemented 
media, cultures were  fi xed in 4% paraformaldehyde in PBS. The cells were then 
prepared for immunohistochemical analysis using the appropriate antibodies 
diluted 1:400. Primary antibodies included mouse anti-GAD and rabbit anti- 
somatostatin (Life Technologies/Molecular Probes, Carlsbad, CA). Primary anti-
bodies were detected using goat anti-mouse IgG conjugated with Alexa 633, and 
goat anti-rabbit IgG conjugated with Alexa 488 (Life Technologies/Molecular 
Probes, Carlsbad, CA). Following incubation, the cover glass were placed on a 
drop of antifade (Slow Fade Gold Plus with DAPI) and sealed. The data were col-
lected by confocal microscopy (Leica SP2 AOBS Confocal Microscope, Germany). 
Gain and offset for the acquisitions were identical for these three treatments.  

    25.2.2   Ca 2+  Flux 

 Hit-T15 cells were grown in Hams F12-K medium as described above. For treat-
ments, cells were plated in complete medium on sterile cover glass at 5,000 cells/cm 2  
until ~80% con fl uent. Once con fl uent cells were incubated for 4 h with a 5  m M/ml 
solution of the  fl uorescent Ca 2+  indicator Fluo-3 (Life Technologies/Molecular 
Probes, Carlsbad, CA). Following incubation,  b -cells were treated with 1 mM glu-
cose, 3 mM glucose, or 1 mM taurine. Live cell imagining (Zeiss Cell Observer; Carl 
Zeiss, Thornwood, NY), was used to detect Ca 2+   fl ux every 15 s for a 5 min period 
following treatment. Images were obtained using both bright  fi eld and FITC  fi lters.  

    25.2.3   Statistic Analysis 

 Statistical analyses were performed on intensity values using a one-way ANOVA 
and Bonferroni post hoc analyses (Prism). Values are expressed as the mean ± SEM. 
Differences were considered statistically signi fi cant when the calculated  p  value 
was less than 0.05.   
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    25.3   Results 

    25.3.1   Taurine Does Not Alter Expression of SST or GAD 

 We report here for the  fi rst time the presence of SST in the Hit-T15 cell line (Fig. 
 25.1 ).  Previous studies have con fi rmed the presence of a SST receptor in this cell line 
(Thermos et al.  1990 ; Seaquist et al.  1995 ; Cheng et al.  2002 ; Yao et al.  2005 ), but to 
date we  fi nd no evidence in the literature con fi rming the expression of the neurotrans-
mitter within these cells. The in vivo role of somatostatin is to modulate exocytosis 
of LDCV in islets, presumably through the inhibition of Ca2+  fl ux (Yao et al.  2005  ) . 
We speculate that these transformed cells may express somatostatin to serve as an 
autocrine regulator of cell function.  
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  Fig. 25.1    ( a ) Hit-T15 cells treated with 1 mM glucose. Staining for SST ( green ) and GAD67 
( red ). ( b ) Hit-T15 cells treated with 3 mM glucose. SST levels are decreased and GAD67 increased. 
( c ) Treatment with 1 mM taurine has no effect on the release of SST or expression of GAD67. 
( d ) Only treatment with 3 mM glucose signi fi cantly impacted SST levels ( p  < 0.001); neither 3 mM 
glucose nor 1 mM taurine affected GAD67 expression       
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 We also demonstrated here taurine’s lack of ef fi cacy in promoting SST release 
from these cells. Somatostatin levels were signi fi cantly decreased ( p  < 0.001) in the 
presence of 3 mM glucose (Fig.  25.1b, d ), but SST levels in the taurine-treated were 
identical to those cells treated with 1 mM glucose (Fig.  25.1c, d ). We also examined 
the role of taurine in eliciting an increase in GAD67 expression, which we have 
demonstrated in vivo with taurine treatment (El Idrissi et al.  2009a  ) . We demon-
strated that while 3 mM glucose signi fi cantly decreased somatostatin and increased 
GAD levels ( p  < 0.05) compared to those cells treated with 1 mM glucose 1 mM 
taurine was insuf fi cient in eliciting these responses (Fig.  25.1c, d ).  

    25.3.2   Taurine May Induce a Latent Ca 2+  Flux 

 We hypothesized that the exocytosis of LDCV in response to taurine was dependent 
on the  fl ux of Ca 2+ . To test the ef fi cacy of taurine in eliciting calcium  fl ux, we pre-
loaded Hit-T15 cells with the  fl uorescent indicator Fluo-3, and then treated cells 
with subthreshold (1 mM) glucose, suprathreshold (3 mM) glucose, or 1 mM 
 taurine. The 1 mM glucose was insuf fi cient to induce calcium  fl ux, yet 3 mM glu-
cose did cause a signi fi cant increase in calcium  fl ux ( p  < 0.001; Fig.  25.2 ). There 
were no signi fi cant differences in Ca 2+   fl ux between 1 mM glucose and 1 mM tau-
rine in the  fi rst 60 s following treatment ( p  > 0.05; Fig.  25.2 ). Following the initial 
60 s, there was a signi fi cant increase ( p  < 0.005) in Ca 2+  levels in the taurine-treated 
cells that persisted for an additional 120 s (Fig.  25.2 ).  

  Fig. 25.2    Calcium  fl ux in Hit-T15  b  cell line using the  fl uorescent indicator Fluo-3. Treatment 
with 3 mM increases Ca 2+   fl ux immediately whereas 1 mM taurine exhibited a lag of about 120 s       

 



306 C.M. Cuttitta et al.

 These data suggests that taurine may initially initiate calcium sequestration, 
followed by calcium  fl ux via a second mechanism. The data are similar to  fi ndings 
of taurine’s role in calcium sequestration in neurons (El Idrissi and Trenkner  2003 ; 
El Idrissi  2008  ) . Taurine increases cytoplasmic ATP levels as a consequence of 
mitochondrial calcium buffering (Han et al.  2004 ; El Idrissi  2008  ) . Taurine likely 
increases cytoplasmic ATP levels by increasing mitochondrial Ca 2+  in fl ux via the 
Ca 2+  uniporter, which increases mitochondrial metabolic function (Han et al.  2004  ) . 
This strongly suggests that in these studies using a  b -cell line, taurine is most likely 
acting via GABA 

A
  receptors initially. Because  b -cells in vivo express GABA 

A
  

receptors, we hypothesize that taurine’s initial action in intact islets is to bind to 
GABA 

A
  receptors on  b  cells, causing both a hyperpolarization of the membrane and 

calcium sequestration. Following prolonged exposure to taurine, taurine may enter 
the cell via TauT where we hypothesize that intracellular taurine may bind to the 
K 

ATP
  channel, polarizing the membrane and initiating Ca 2+   fl ux that subsequently 

leads to prolonged exocytosis of the LDCV.  

    25.3.3   Proposed Model for Taurine’s In fl uence 
on Insulin Release 

 We propose that taurine may act through two independent mechanisms, one short 
term and the other long term (Fig.  25.3 ). Initially, taurine binds to GABA 

A
  receptors 

(Step 1), initiating rapid Cl −  in fl ux and hyperpolarization of  b  cells (Step 2). This 
hyperpolarization triggers calcium sequestration (Step 3), initially buffering the cell 
and increasing cytoplasmic ATP levels (Step 4). The timing of these initial four step 
must be further investigated. It is possible that the initial phase (Steps 1–4) will 

  Fig. 25.3    Scheme proposing the dual roles of taurine in eliciting exocytosis of LDCV containing 
insulin and GABA. In Steps 1–4, taurine elicits sequestration of Ca 2+ ; in Steps 5–7 either interac-
tion with K 

ATP
  channels or cytoplasmic ATP increase via the GABA 

A
  receptor or both activates 

voltage-sensitive Ca 2+  channels for Ca 2+   fl ux required for exocytosis       
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permit exocytosis of insulin by increasing cytoplasmic ATP levels and inhibiting 
K 

ATP
  channels. Alternately, this may be a short-term (2 min) mechanism for  b  cells 

to retain intracellular insulin. During the subsequent 2 min interval, Ca 2+  might be 
suf fi cient to premit limited release of insulin (Fig.  25.2 ).  

 With long-term (24 h) exposure to taurine, TauT takes up the taurine (Step 5), 
which may then interact with the K 

ATP
  channel’s sulfonylurea receptor subunit 

(Step 6) to inhibit the channel (Tricarico et al.  2000 ; Schaffer et al.  2010  ) . Through 
either or both mechanisms, taurine treatment increases cytoplasmic ATP levels, 
inhibiting K 

ATP
  channels and triggering a depolarization of  b  cells (Step 7), which 

in turn activates voltage-sensitive calcium channels (Step 8) and thus calcium  fl ux 
and exocytosis of the LDCV (Step 9). Through our work and the work of others, 
the hypothesis of the modes of action of taurine is certainly plausible. Our labora-
tory will continue to examine the roles of taurine in eliciting release of insulin 
from the  b  cells.   

    25.4   Discussion 

 In the in vivo environment, when interstitial  fl uid levels reach ~3 mM glucose pan-
creatic  b -cells respond by releasing insulin and inhibiting glucagon release. In our 
in vitro studies, we used 3 mM glucose as our minimal dose required to initiate 
insulin release. Conversely, 1 mM glucose served as a control dose in which insulin 
should not be released. When examining the relative  fl uorescence intensity of insu-
lin and GABA in the Hit cells, abundant signals for both markers were observed 
(L’Amoreaux et al.  2010  ) . In those studies, we demonstrated that 1 mM taurine 
alone is effective in lowering plasma insulin and glucose as the values observed 
were signi fi cantly lower than those cells treated with the subthreshold glucose con-
centration of 1 mM. 

 Since taurine can affect release of insulin and GABA from LDCV, we 
 demonstrated here that the mechanism by which taurine promotes exocytosis of 
these vesicles is different from the mechanism by which SST is released. Further, 
we provided evidence that the taurine-dependent up-regulation of GAD expression 
requires a feedback mechanism from  a  cells. We believe that in chronic administra-
tion of taurine during early pancreatic development, that a feedback mechanism 
between  a  and  b  cells provide a mechanism through which taurine alters expression 
of the  b 2 subunits of GABA 

A
  receptors, which leads to a requirement for increased 

GABA and thus increased GAD expression. As in vivo  b  cells also express GABA 
A
  

receptors (Braun et al.  2010  ) , an evaluation of GABA 
A
  receptor expression on this 

cell line is warranted and is forthcoming. 
 Taurine likely interacts with pancreatic  b  cells through two mechanisms. Initially, 

taurine binds to GABA 
A
  receptors to inhibit exocytosis of LDCV. Taurine is a potent 

GABA agonist and, as such, is likely playing a role in the feedback mechanism to 
inhibit further release of insulin via LDCV exocytosis. During a prolonged expo-
sure to taurine, the amino acid is transported into  b  cells via the TauT transporter. 
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Once in the cytoplasm, taurine may bind to the sulfonylurea receptor (SUR) of the 
ATP-dependent potassium channels. There is strong evidence that taurine can inter-
act with SUR in muscle cells (Tricarico et al.  2000 ; Schaffer et al.  2010  ) . Use of 
glibenclamide, a sulfonylurea, in perfused isolated pancreases moderately increases 
insulin release (Efendic et al.  1979  )  and also enhances the release of arginine-
dependent release of SST (Efendic et al.  1980  ) . Based upon the chemical similari-
ties of the two molecules (Fig.  25.4 ), it is plausible that taurine may also serve as an 
antidiabetic agent and work via inhibition of K 

ATP
  channels.   

    25.5   Conclusion 

 Taurine may serve as a cost-effective treatment for diabetes in that it promotes insu-
lin release from  b  cells. We present evidence that short-term administration of tau-
rine (such as in the diet) may elicit a response via GABA 

A
  receptors and restrict 

insulin release. With chronic administration of taurine, binding of taurine to the 
ATP-dependent potassium channels may elicit insulin release. Further studies are 
needed to con fi rm these observations and to determine the role of TauT in regulating 
insulin release from  b  cells.      
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  Abstract   Taurine (2-aminoethanesulfonic acid), a sulfur-containing  b -amino acid, 
is found in all animal cells at millimolar concentrations and has been reported to 
show various health promoting activities including antidiabetic properties. The 
bene fi cial effects of taurine in diabetes mellitus have been known. However, the 
exact mechanism of hypoglycemic action of taurine is not properly de fi ned. In this 
study, we investigated antidiabetic effect of taurine in the cell culture system using 
rat skeletal muscle cells. In cultured rat skeletal L6 myotubes, we studied the effect 
of taurine (0–100  m M) on glucose uptake to plasma membrane from the aspects of 
AMP-activated protein kinase (AMPK) signaling. Taurine stimulated glucose 
uptake in a dose-dependent manner by activating AMPK signaling. From these 
results, it may suggest that taurine show antidiabetic effect by stimulating insulin-
independent glucose uptake in rat skeletal muscle.  
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    26.1   Introduction 

 Taurine, a sulfur containing beta amino acid, is present in most animal tissues and 
is essential for the normal functioning of several organs (Brosnan and Brosnan 
 2006  ) . It has been reported that taurine exhibits antioxidative properties, controls 
blood pressure, membrane stabilizing effect, regulates intracellular Ca 2+  concentra-
tion, inhibits apoptosis, and reduces the levels of pro-in fl ammatory cytokines in 
various organs (Aerts and Van Assche  2002 ; Racasan et al.  2004 ; Sinha et al.  2007 ; 
Das et al.  2008,   2009 ; Manna et al.  2010  ) . Moreover, taurine is found at high con-
centrations inside glucagon and somatostatin-containing cells in the pancreatic 
islets and increases insulin secretion, sensitivity and glucose uptake in different 
experimental conditions (Cherif et al.  1998 ; De la Puerta et al.  2010  ) . 

 Diabetes is the most common and serious metabolic disease. Several trials have 
been conducted to reduce the hyperglycemia (Moller  2001  ) . Chang  (  2000  )  reported 
that dietary supplementation with taurine was shown to protect pancreatic  b -cells in 
the streptozotocin model of type 1 diabetes. On the other hand, it has been proven that 
diabetes is associated with a decrease in the levels of endogenous antioxidants, par-
ticularly of taurine, so that oxidative damage may be enhanced by the de fi ciency of 
taurine, since it frequently becomes depleted in diabetic states (Schaffer et al.  2009  ) . 
The skeletal muscles which account for the majority of insulin-mediated glucose 
uptake in the postprandial state play an important role in maintaining glucose homeo-
stasis (Saltiel and Kahn  2001  ) . In skeletal muscle, especially, insulin increases glucose 
uptake via a signaling that leads to activation of phosphatidylinositol-3 kinase (PI3K) 
and AKt, resulting in increased translocation of glucose transporter 4 (GLUT4) to the 
plasma membrane (Saltiel and Kahn  2001  ) . In mammalian cells, the AMP-activated 
protein kinase (AMPK), which is another GLUT4 translocation promoter, acts as an 
energy sensor and is activated by an increase in AMP/ATP ratio, by exercise/contrac-
tion, and by several compounds including metformin and thiazolidinedione, resulting 
in stimulation of glucose uptake in skeletal muscles (Zou et al.  2004 ; Towler and 
Hardie  2007  ) . Although a number of studies concerning the effect of taurine on diabe-
tes or hyperglycemia have been reported, little has been validated the effect of taurine 
on glucose uptake using L6 myotubes. Therefore, this study was conducted to inves-
tigate the effects of taurine on glucose uptake in vitro using L6 myotubes and to clarify 
the mechanisms associated with the enhanced glucose uptake.  

    26.2   Methods 

    26.2.1   Materials 

 L6 myoblast cells derived from a rat were purchased from American Type Culture 
Collection (Rockville, MD, USA; ATCC numbers: CRL-1458). Taurine was 
obtained from Donga Pharm. (Seoul, Korea). The following items were purchased 
from the cited commercial sources: Glucose CII Test Kit and compound C from 
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Wako Pure Chemical Industries Ltd. (Osaka, Japan); Dulbecco’s modi fi ed Eagle’s 
medium (DMEM), fetal bovine serum (FBS) and Gö6983 from Sigma (St. Louis, 
MO, USA); anti-phospho-AMPK and anti-AMPK antibodies from Cell Signaling 
Technology (Beverly, MA, USA); horseradish-peroxidase conjugated anti-mouse 
and anti-rabbit IgG antibodies from Invitrogen (San Diego, CA, USA); ECL Plus 
Western blotting detection reagents and Hybond ECL nitrocellulose membrane 
from GE Healthcare (Buckinghamshire, UK).  

    26.2.2   Culture of L6 Myoblast Cells 

 L6 myoblast cells were cultured in DMEM containing 10% (vol/vol) FBS, penicil-
lin G (100 U/ml), and streptomycin (100  m g/ml) in a humidi fi ed 5% CO 

2
  incubator 

at 37°C. To differentiate into myotubes, the myoblast cells (5 × 10 4  or 7 × 10 5 ) were 
seeded in Falcon 24-place multiwell plates or 60-mM culture dishes and cultured to 
90% con fl uency in DMEM containing 2% FBS for 1 week.  

    26.2.3   Determination of Glucose Uptake by Cultured Rat 
Skeletal L6 Myotubes 

 Brie fl y, perfused L6 myoblast cells were subcultured into Falcon 24-place multiwall 
plates at 5 × 10 4  cells/well and grown for 11 days in 0.4 ml of 2% FBS/DMEM to 
allow the formation of myotubes. The medium was renewed every 2 days. 
Subsequently, the 11-day-old myotubes were incubated in  fi lter-sterilized Krebs–
Henseleit buffer (141 mg/l MgSO 

4
 , 160 mg/l KH 

2
 PO 

4
 , 350 mg/l KCl, 6,900 mg/l 

NaCl, 373 mg/l CaCl 
2
 ·2H 

2
 O, 2,100 mg/l NaHCO 

3
 , pH 7.4) containing 0.1% bovine 

serum albumin, 10 mM Hepes, and 2 mM sodium pyruvate (KHH buffer) for 2 h. 
The myotubes were then cultured for 4 h in KHH buffer containing 11 mM glucose 
with or without taurine (10–100  m M) and with or without 100 nM insulin or 5  m M 
compound C, an AMPK inhibitor. The differences in the glucose concentrations in the 
KHH buffer before and after culture were determined by the absorbance at 505 nM 
using a microplate reader (Model AD200; Beckman Coulter, Brea, CA, USA) and the 
Glucose CII Test Kit. The amounts of glucose consumed were calculated.  

    26.2.4   Western Blot Analysis 

 Rat skeletal L6 myotubes were solubilized in a lysis buffer [10 mM Tris–HCl pH 
7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl 
sulfate (SDS), 0.5 mM dithiothreitol, 0.2 mg/ml Pefabloc SC, 1 mM Na 

3
 VO 

4
 ] for 

30 min at 4°C. The lysates were then sonicated for 10 s and centrifuged at 12,000 ×  g  
for 15 min at 4°C. The protein concentrations of the supernatants were evaluated 
using a protein assay reagent (Bio-Rad Laboratories). Equal amounts of protein 
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(20  m g/lane) and prestained molecular weight markers (Wako Pure Chemical 
Industries Ltd.) were loaded onto 10% premade polyacrylamide gels (Wako Pure 
Chemical Industries Ltd.), separated by electrophoresis and transferred to nitrocel-
lulose membranes. The membranes were then incubated in a blocking solution 
comprising 3% BSA in Tris-buffered saline (TBS) for 1 h. After the incubation, the 
membranes were washed in TBS and incubated with anti-phospho-AMPK and anti-
AMPK overnight at 4°C. The membranes were then washed in TBS containing 
0.1% (vol/vol) Tween-20 for 30 min and incubated with horseradish-peroxidase-
conjugated anti-mouse or anti-rabbit IgG antibodies at a dilution of 1:5,000 for 
60 min at room temperature. Immunoreactive bands were detected using ECL Plus 
Western blotting detection reagents. The intensity of each band was analyzed with 
a lumino-image analyzer (Model LAS-4000 Mini; Fuji fi lm, Tokyo, Japan) coupled 
with image analysis software (Multi Gauge Ver. 3.0; Fuji fi lm).  

    26.2.5   Statistical Analysis 

 All data are presented as the mean ± SEM. The data were evaluated by a one-way 
analysis of variance. Differences between the mean values were assessed using 
Tukey-Kramer multiple comparison test. Statistical signi fi cance was considered for 
values of  P  < 0.05.   

    26.3   Results 

    26.3.1   Taurine Stimulates Glucose Uptake in Cultured Rat 
Skeletal L6 Myotubes 

 We determined the effect of taurine on glucose uptake under normal (11 mM) glu-
cose condition. In this study, taurine dose-dependently and signi fi cantly stimulated 
glucose uptake at concentrations of 25–100  m M (Fig.  26.1 ). Based on these results, 
we adopted 100  m M for glucose conditions as the optimal taurine concentrations in 
the following experiments.   

    26.3.2   In fl uence of Insulin on Taurine Induced Glucose Uptake 

 To determine the regulatory mechanism by which taurine induced the glucose 
uptake in rat skeletal L6 myotubes, we performed glucose uptake assays using 
100 nM insulin condition. In this study, taurine signi fi cantly stimulated glucose 
uptake at concentrations of 100  m M independently of insulin (Fig.  26.2 ). These 
results suggest that the stimulatory effect of taurine on glucose uptake is indepen-
dent on the insulin.   
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  Fig. 26.1    Effect of taurine on glucose uptake in cultured rat skeletal L6 myotubes. L6 myotubes 
were preincubated in KHH buffer without glucose for 2 h. They were then incubated in KHH buf-
fer containing 11 mM glucose and 0, 25, 50, or 100  m M taurine for 4 h, and the glucose uptake was 
determined. Each value represents the mean ± SEM for six wells. Values not sharing a common 
letter are signi fi cantly different at  P  < 0.05 by Tukey-Kramer multiple comparison test       

  Fig. 26.2    In fl uence of insulin on taurine induced glucose uptake. L6 myotubes were preincubated 
in KHH buffer without glucose for 2 h. They were then incubated for 4 h in Krebs–Henseleit buffer 
with 11 mM glucose in the presence or absence of 0 or 100  m M taurine and 100 nM insulin. Each 
value represents the mean ± SEM for six wells. Values not sharing a common letter are signi fi cantly 
different at  P  < 0.05 by Tukey-Kramer multiple comparison test       
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    26.3.3   Stimulatory Effect of Taurine on Glucose Uptake 
Is Dependent on the AMPK Pathways 

 To determine the regulatory mechanism by which taurine induced the glucose 
uptake in rat skeletal L6 myotubes, we performed glucose uptake assays using 
kinase inhibitors, namely, compound C, an ATP-competitive inhibitor of AMPK. 
The promotion of glucose uptake by taurine was completely inhibited by the treat-
ments with compound C (Fig.  26.3 ). These results suggest that the stimulatory effect 
of taurine on glucose uptake is dependent on the AMPK pathways.   

    26.3.4   Taurine Induces the Phosphorylation of AMPK 

 To examine the activity of AMPK, a well-known main regulator of glucose 
uptake in skeletal muscle cells, we investigated the temporal expression of phos-
phorylated AMPK. Taurine time-dependently stimulated the phosphorylation of 
AMPK under normal glucose conditions (Fig.  26.4 ). Consequently, these data 
suggest that the main mechanism of glucose uptake by taurine is mediated by the 
AMPK pathway.    

  Fig. 26.3    Effects of AMPK inhibitor on taurine-promoted glucose uptake. L6 myotubes were 
preincubated in KHH buffer without glucose for 2 h. They were then incubated for 4 h in Krebs–
Henseleit buffer with 11 mM glucose in the presence or absence of 0 or 100  m M taurine and 5  m M 
compound C. Each value represents the mean ± SEM for six wells. Values not sharing a common 
letter are signi fi cantly different at  P  < 0.05 by Tukey-Kramer multiple comparison test       
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    26.4   Discussion 

 Taurine, a  b -aminosulfonic acid, is the most abundant amino acid and is essential 
for sustain several structure and function. Recently, several studies have indicated 
that taurine exhibits bene fi cial effects in diabetic patients. In addition, it has been 
reported that taurine in fl uences various biological functions, including antioxi-
dant, brain and retinal development, cell membrane stabilization, osmoregulation, 
and hypoglycemic action (Thurston et al.  1980 ; Pasantes-Morales et al.  1985 ; El 
Idrissi and Trenkner  2004  ) . In this study, we con fi rmed the effect of taurine on 
glucose uptake to the muscle cell, and clari fi ed the regulatory mechanism of glu-
cose uptake by taurine such as AMPK activation in cultured rat skeletal myotubes 
under normal glucose condition. Our data showed that taurine dose-dependently 
and signi fi cantly stimulated glucose uptake at concentrations from 25 to 100  m M 
in cultured rat skeletal L6 myotubes. Especially, rat skeletal L6 myotubes are 
insulin-insensitive cells on glucose uptake and our data showed that the enhance-
ment of glucose uptake by insulin in the L6 myotubes was signi fi cantly lower than 
that by taurine. Also, the effect of taurine was not signi fi cantly different in the 
absence or presence of insulin. Therefore, it was con fi rmed that the stimulatory 
effect of taurine on glucose uptake is independent on the action of insulin, even 
under insulin-insensitive conditions. Several previous studies indicate that taurine 
shows hypoglycemic effects by enhancing insulin action, as well as by facilitating 

  Fig. 26.4    Effect of taurine on the phosphorylation of AMPK. L6 myotubes were preincubated in 
Krebs–Henseleit buffer without glucose for 2 h. They were then incubated in KHH buffer contain-
ing 11 mM glucose in the presence or absence of 0 or 100  m M taurine for 30, 60, 120, or 240 min. 
Total lysates were analyzed by immunoblotting with anti-phospho-AMPK and anti-AMPK 
antibodies       
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the interaction of insulin with its receptor (Lampson et al.  1983 ; Maturo and 
Kulakowski  1988  ) . Ribeiro et al.  (  2009  )  also reported that plasma taurine level 
seems be important for  b -cell function and insulin action. However, in contrast, it 
was reported that there was no signi fi cant differences after taurine intervention 
compared to placebo in incremental insulin response, neither during intravenous 
ted glucose tolerance test (IVGTT) nor in insulin-stimulated glucose disposal dur-
ing the clamp in type 2 diabetes patients (Brons et al.  2004  ) . Also, Doi et al. 
 (  2003  )  reported that among the branched-chain amino acids, leucine and isoleu-
cine increase glucose uptake in an insulin-independent manner in C 

2
 C 

12
  skeletal 

muscle cells. Several studies have indicated that taurine is involved in glucose 
homeostasis; however, the speci fi c molecular mechanisms are unknown 
(Kulakowski and Maturo  1984 ; Franconi et al.  2004  ) . 

 Insulin-stimulated glucose uptake by skeletal muscle plays an important role 
in the maintenance of whole-body glucose homeostasis (Herman and Kahn 
 2006  ) . AMPK is an important protein to provide energy in mammalian cells 
(Towler and Hardie  2007  ) . AMPK is activated in the skeletal muscle of mam-
mals by exercise and this activation is associated with an increase in GLUT4-
mediated glucose uptake by the tissue (Jessen and Goodyear  2005 ; Magnoni 
et al.  2012  ) . Based on these signaling pathways related to glucose uptake, we 
investigated the signaling pathways for glucose uptake by taurine using kinase 
inhibitor. In this study, it was indicated that the stimulatory effect of taurine on 
glucose uptake is stimulated on the AMPK pathways by promoting the phos-
phorylation of AMPK (AMPK signaling) under normal glucose condition time-
dependently. Recently, Solon et al.  (  2011  )  reported that taurine acted similarly 
to insulin, stimulating the activities of the Akt/FOXO1 and JAK2/STAT3 signal-
ing pathways, while inhibiting the AMPK signaling pathway. On the other hand, 
Carneiro et al.  (  2009  )  reported that mice supplemented with taurine had a 
signi fi cant increased tyrosine phosphorylation of the insulin receptor in skeletal 
muscle, both at basal and insulin-stimulated states. In another animal experi-
ment, it was reported that taurine increased insulin signal transduction through 
the phosphatidylinositol 3 kinase (PI3K) pathway, resulting in increased glu-
cose uptake (Colivicchi et al.  2004  ) . 

 These results of this study suggest that taurine has a bene fi cial effect on glucose 
uptake in the muscle and that this effect is mediated through a mechanism including 
the activation of AMPK.  

    26.5   Conclusion 

 Our present study shows that taurine improve the glucose uptake by increasing the 
AMPK phosphorylation in rat skeletal L6 myotubes. These results may suggest that 
taurine has an antidiabetic effect by stimulating insulin-independent glucose uptake 
in skeletal muscle and may have hypoglycemic effects in diabetes.      
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  Abstract   In this study, the actions of taurine (TAU), a sulfonate, and thiotaurine 
(TTAU), a thiosulfonate, on diabetes-mediated biochemical alterations in red blood 
cells (RBCs) and plasma and on the RBC membrane, morphology and spectrin 
distribution were examined in rats. Diabetes was induced in male Sprague–Dawley 
rats with streptozotocin (60 mg/kg i.p.) and allowed to progress for 14 days. From 
days to 56, the rats received a daily, 2.4 mmol/kg, oral dose of TAU or TTAU, 2 mL 
oral dose of physiological saline or 4 U/kg subcutaneous dose of isophane insulin 
(INS). Naive rats served as the control group. The rats were sacri fi ced on day 57 and 
their blood was collected to measure HbA 

1c
 , to isolate intact RBCs, and to obtain 

plasma. A 6-weeks treatment with INS effectively lowered the elevations in plasma 
glucose, cholesterol, triglycerides, and plasma and RBC malondialdehyde and glu-
tathione disul fi de while effectively counteracting the decreases in plasma INS, 
plasma and RBC glutathione redox status, and plasma and RBC activities of anti-
oxidant enzymes caused by diabetes. Also, INS returned the echynocytic appear-
ance and peripheral location of spectrin seen in RBCs from diabetic rats to the 
normal discocytic shape and uniform distribution. TAU and TTAU were as effective 
as INS in inhibiting malondialdehyde formation, changes in redox status and oxida-
tive stress in both the plasma and RBC, but were much less effective in controlling 
hyperglycemia and hypoinsulinemia. Furthermore TTAU was more effective than 
INS or TAU in lowering the increase in cholesterol to phospholipids ratio in the 
RBC membrane and, unlike TAU, it was able to normalize the RBC morphology 
and spectrin distribution.  

    R.   Budhram   •     K.  G.   Pandya   •     C.  A.   Lau-Cam   (*)
     Department of Pharmaceutical Sciences ,  College of Pharmacy and Allied Health Professions, 
St. John’s University ,   Jamaica ,  New York ,  NY ,  USA    
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  Abbreviations  

  TAU    Taurine   
  TTAU    Thiotaurine   
  INS    Insulin   
  STZ    Streptozotocin   
  RBCs    Red blood cells   
  GLC    Glucose   
  HbA 

1c
     Glycated hemoglobin   

  LPO    Lipid peroxidation   
  MDA    Malondialdehyde   
  CHOL    Cholesterol   
  TGs    Triglycerides   
  PLPs    Phospholipids   
  GSG    Reduced glutathione   
  GSSG    Glutathione disul fi de   
  CAT    Catalase   
  GPx    Glutathione peroxidase   
  SOD    Superoxide dismutase         

    27.1   Introduction 

 Type 2 diabetes mellitus is a heterogeneous metabolic disorder characterized by 
chronic hyperglycemia, resistance of peripheral tissues to the effects of insulin, 
hypertension, elevated HbA 

1c
 , and a common form of dyslipidemia (raised 

 triglycerides, and low high-density lipoprotein cholesterol with or without ele-
vation of low-density lipoprotein cholesterol) (Järvi et al.  1999 ; May fi eld  1998 ; 
Moller  2001  ) . 

 At present, type 2 diabetes is recognized as a major risk of coronary, cerebral, 
and peripheral artery disease, and as a determining factor for late-stage complica-
tions such as nephropathy, retinopathy, and neuropathy (Moller  2001  ) . From the 
large number of studies that have been directed at establishing the roles of different 
factors in the development of diabetic complications, it has become apparent that 
their etiology is multifactorial and to a large extent dependent on hyperglycemia and 
on the development of oxidative stress (Monnier et al.  2006  ) . Furthermore, post-
prandial hyperglycemic spikes have been found to correlate closely with the activa-
tion of oxidative stress, an important contributor to the pathogenesis and progression 
of diabetic tissue damage and to the later development of diabetic complications 
(Brownlee  2005 ; Ceriello  2005  ) . 

 In diabetes, oxidative stress seems to be the result of an increased production of 
reactive oxygen (ROS) and nitrogen (RNS) species and a sharp decline of antioxi-
dant defenses (Baynes and Thorpe  1999  ) . ROS may arise from a variety of sources, 
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including the autoxidation of monosaccharides, glycated proteins and glycated 
 lipids, from the activities of nitric oxide synthase, NAD(P)H oxidase (Guzik et al. 
 2002  ) ,  xanthine dehydrogenase (Alciguzel et al.  2003  ) , xanthine oxidase (Desco 
et al.  2002  ) , lipoxygenase (Obrosova et al.  2010  ) , and cytochrome P450 monooxy-
genases (   Kalapos et al.  1993  ) . 

 Additional contributors to the oxidative stress of diabetes are the glucose-induced 
activation of protein kinase C isoforms and the nuclear factor kappa B (NF k B), 
increased formation of glucose-derived advanced glycation products (AGEs), 
increased glucose  fl ux through the polyol pathway (Nishikawa et al.  2000  ) , increased 
formation of angiotensin II, a promoter of mitochondrial superoxide anion produc-
tion (Ricci et al.  2008  ) , and the hexosamine pathway (Brownlee  2001  ) . 

 In recent years, the mitochondrial electron transport chain (ETC) has been impli-
cated as a major source of ROS under the in fl uence of hyperglycemia. According to 
this postulate, under normoglycemic conditions the oxidative degradation of meta-
bolic products of glucose by the tricarboxylic acid (TCA) cycle will contribute elec-
trons to the electron transport chain (ETC) through the generation of NADH and 
FADH 

2
 . The  fl ow of these electrons down complexes I–IV of the ETC towards 

diatomic oxygen will generate water and, at the same time, will create a voltage 
gradient across the inner mitochondrial membrane to drive protons across and the 
synthesis of ATP (Brownlee  2005  ) . However, under the hyperglycemic conditions 
of diabetes, there will be more glucose becoming channeled into the TCA cycle and, 
hence, more electrons will be fed by NADH and FADH 

2
  into the ETC to further 

energize the mitochondrial membrane to a critical threshold which, when exceeded, 
will inhibit electron transfer to complex III and divert the electrons, one at a time, to 
molecular oxygen to yield superoxide anion at the cost of ATP formation (Brownlee 
 2005 ; Pieczenik and Neustadt  2007  ) . This problem may be compounded upon injury 
to mitochondrial component of the ETC by ROS generated in the mitochondrion 
itself, with complexes I and III appearing particularly susceptible (Pieczenik and 
Neustadt  2007  ) . Conversely, normalizing mitochondrial superoxide anion produc-
tion blocks glucose-induced activation of protein kinase C, formation of AGEs, 
sorbitol accumulation, and NF k B activation of hyperglycemic damage (Nishikawa 
et al.  2000  ) . 

 Based on the role played by hyperglycemia-stimulated oxidative stress in the devel-
opment and progression of diabetes-related complications, numerous antioxidants 
have been tested on the premise that amelioration of oxidative stress will be of help in 
the management of diabetes and its complications (Rahimi et al.  2005  ) . One of the 
compounds that has received extensive evaluation for this purpose has been taurine 
(TAU), in all likelihood because of its ability to attenuate oxidative stress from different 
sources by inhibiting lipid peroxidation, maintaining the intracellular glutathione redox 
status, preserving the activity of antioxidant enzymes (Acharya and Lau-Cam  2010  ) , 
diminishing hyperlipidemia (Goodman and Shihabi  1990  ) , and preventing the forma-
tion of AGEs (Nandhini et al.  2004 ;    Trachtman et al.  1995 ). More importantly, by 
forming a TAU–tRNA conjugate with mitochondrial tRNA, TAU of exogenous origin 
will induce the translation and expression of mitochondrial-encoded protein compo-
nents of the ETC, which may have become limiting upon a shortage of endogenous 
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TAU, to restore ATP synthesis at the expense of superoxide anion formation (Schaffer 
et al.  2009  ) . Two additional bene fi ts that have been reported for TAU in laboratory 
animals are a hypoglycemic effect (Winiarska et al.  2009  )  and a stimulatory action on 
insulin secretion (   Tenner et al.  2003  ) . 

    In a previous study from this laboratory, a short, 5-day, treatment of Goto–
Kakizaki rats, genetically predisposed to develop type 2 diabetes, was found to 
ameliorate oxidative stress and cell membrane injury in red blood cells (RBCs) but 
failed to normalize spectrin distribution and morphology (Gossai and Lau-Cam 
 2009  ) . The present study was undertaken in rats made diabetic with streptozotocin 
to: (a) determine if a chronic treatment with TAU can lead to a further decrease of 
oxidative stress, to positive effects on membrane lipids, and to normalization of the 
spectrin distribution and morphology of RBCs; (b) to compare the effects of a sul-
fonic acid like TAU (H 

2
 N–CH 

2
 –CH 

2
 –SO 

3
 H) with those of a thiosulfonate like thio-

taurine (TTAU, H 
2
 N–CH 

2
 –CH 

2
 –SO 

2
 –SH) on the hyperglycemia, hypoinsulinemia, 

dyslipidemia, plasma oxidative state and RBC alterations brought about by type 2 
diabetes; and (c) to compare the actions of TAU and TTAU with those of an estab-
lished hypoglycemic agent like insulin.  

    27.2   Methods 

    27.2.1   Animals and Treatments 

 All the experiments were conducted using groups of six male Sprague–Dawley rats, 
225–250 g in weight. Diabetes was induced with an intraperitoneal, 60 mg/kg, dose 
of streptozotocin (STZ) in citrate buffer pH 4.5, and allowed to progress for 14 days. 
From day 15 until day 56, the diabetic rats received a single, daily, 2.4 mmol/kg/2 mL 
dose of either TAU or TTAU in physiological saline by intragastric gavage (the 
treatment groups). Additional diabetic rats were treated by the oral route with citrate 
buffer pH 4.5 on day 1 and with a daily 2 mL volume of physiological saline (the 
diabetic group) or subcutaneously with a 4 U/kg dose of isophane insulin (INS) (the 
reference group) from day 15 onwards. Untreated normal rats served as the control 
group. All the rats were sacri fi ced by decapitation on day 57, and their blood was 
collected in heparinized tubes. One aliquot was used for the analysis of glycated 
hemoglobin (HbA 

1c
 ). The rest of the blood was centrifuged at 700 ×  g  and 4°C for 

10 min to obtain the plasma fraction, which was subsequently analyzed for its con-
tents of glucose (GLC), cholesterol (CHOL), triglycerides (TGs), malondialdehyde 
(MDA), and reduced (GSH) and oxidized (GSSG) glutathione, and for the activities 
of the antioxidant enzymes catalase (CAT), glutathione peroxidase (GPx) and super-
oxide dismutase (SOD). After separating the plasma and buffy coat, the pelleted 
RBCs were suspended in phosphate buffered saline pH 7.4 supplemented with 
5 mM glucose (PBSG) to a hematocrit of 20% as described by Sharma and 
Premachandra  (  1991  ) , and analyzed for their contents in MDA, GSH, GSSG, and 
hemoglobin A (Hb), for antioxidant enzymes activities, for morphology, and for 



32527 Protection by Taurine and Thiotaurine Against Biochemical…

spectrin distribution. The lipids in the cell membrane were extracted by the method 
of Folch et al.  (  1957  ) , and the extract was analyzed for its contents in CHOL and 
phospholipids (PLPs). The study received the approval of the Institutional Animal 
Care and Use Committee of St. John’s University, Jamaica, NY, and the animals 
were cared in accordance with guidelines established by the United States 
Department of Agriculture.  

    27.2.2   Biochemical Assays 

 The following parameters were measured using commercially available assay kits: 
plasma glucose (colorimetric Procedure No. 510 from Sigma–Aldrich, St. Louis 
MO); plasma INS (Insulin ELISA kit, Calbiotech Inc., Spring Valley, CA); blood 
HbA 

1c
  (Glycohemoglobin Test, Stanbio Laboratory, Boerne, TX), plasma, and 

RBCs CHOL (Cholesterol LiquiColor ®  Procedure No. 1010, Stanbio Laboratory, 
Boerne, TX); and plasma TGs (Enzymatic Triglycerides Procedure No. 2150, 
Stanbio Laboratory, Boerne, TX). The concentration of membrane PLPs was mea-
sured by the method of Stewart  (  1979  ) , and those of plasma and RBC GSH and 
GSSG were derived by the  fl uorometric method of Hissin and Hilf  (  1976  ) . The 
spectrophotometric methods of Aebi  (  1984  ) , Günzler and Flohé  (  1985  ) , and Misra 
and Fridovich  (  1972  )  were used to assay the activities of CAT, GPx, and SOD, 
respectively, in plasma and RBCs.  

    27.2.3   Microscopic Studies 

 The changes in RBC morphology induced by diabetes, with and without a pharma-
cological treatment, were studied by scanning electron microscopy (SEM) using the 
method of Straface et al.  (  2002  )  after  fi xing the RBCs with 1.5% glutaraldehyde. 
The distribution of spectrin in the RBCs was determined by the immunohistochemi-
cal method of Straface et al.  (  2002  ) , in which the RBCs are treated with goat serum 
followed by successive incubations with rabbit anti-chicken spectrin and anti-rabbit 
IgG (whole molecule) FITC conjugate. Then, the RBCs were examined using a 
 fl uorescence confocal microscope.  

    27.2.4   Statistical Analysis of the Data 

 The experimental results, reported as mean ± SEM for  n  = 6, were analyzed for sta-
tistical signi fi cance using unpaired Student’s  t -test followed by one-way analysis of 
variance (ANOVA) and Tukey’s post hoc test. Intergroup differences were consid-
ered to be statistically signi fi cant when  p   £  0.05.   



326 R. Budhram et al.

    27.3   Results 

    27.3.1   Circulating Glucose (GLC) Levels 

 In comparison to control values, diabetes elevated the blood GLC by 3.9-fold 
( p  < 0.001) and the plasma glucose by 4-fold ( p  < 0.001) (Table  27.1 ). Following a 
6 week treatment with TAU, the blood and plasma GLC of these animals rose by 
only 3.1-fold and 3.2-fold, respectively (both at  p  < 0.001 vs. diabetic group). An 
identical treatment with an equidose (2.4 mmol/kg) of TTAU was able to lower the 
diabetic blood and plasma GLC levels further (2.7-fold and 2.6-fold, respectively, 
 p  < 0.001 vs. diabetic group). In contrast, at the end of a 6 week treatment with INS 
the blood and plasma GLC of diabetic animals had decreased to values comparable 
to those of control animals. As shown in Table  27.1 , an excellent correlation existed 
between GLC levels measured in blood tail vein and in plasma for all of the experi-
mental groups.   

    27.3.2   Plasma Insulin (INS) Levels 

 The plasma INS decreased by ~75% ( p  < 0.001) as a result of diabetes (Fig.  27.1 ). 
A 6 week treatment with TAU reduced this loss to ~50% below the control value 
( p  < 0.001), an effect that was further enhanced by a treatment with TTAU (~44% 
decrease,  p  < 0.001 vs. control). In contrast, diabetic rats receiving INS exhibited a 
plasma INS level that was 20% above the control value ( p  < 0.05) at the end of 
6 weeks of treatment.   

    27.3.3   Blood Glycated Hemoglobin (HbA 
1c 

 ) Levels 

 As shown in Fig.  27.2 , diabetes elevated the circulating level of HbA 
1c

  by >200% 
above control ( p  < 0.001). Both TAU and TTAU were found to drastically lower this 
increase (to only 60%,  p  < 0.001), an effect that was rather similar to that attained 

   Table 27.1    Effects of INS, TAU, and TTAU on the blood and plasma GLC levels of diabetic rats   

 Treatment groups  Blood GLC (mg/dL)  Plasma GLC (mg/dL) 

 Control  122.28 ± 2.53 +++   103.59 ± 5.06 +++  
 STZ  477.62 ± 15.45***  428.08 ± 21.74*** 
 STZ-INS  114.10 ± 12.68 +++   127.15 ± 10.71* ,+++  
 TAU  110.07 ± 3.57 +++   102.05 ± 3.33 +++  
 STZ-TAU  378.68 ± 15.14*** ,+   333.27 ± 6.60*** ,+  
 TTAU  104.20 ± 2.48 +++   104.61 ± 2.11 +++  
 STZ-TTAU  330.27 ± 14.24*** ,++   265.08 ± 8.21*** ,+++  

  Values are reported as the mean ± SEM for  n  = 6. Differences were signi fi cant from Control at 
* p  < 0.05 and *** p  <0.001; and from STZ at  +  p  < 0.05,  ++  p  < 0.01, and  +++  p  < 0.001  
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  Fig. 27.1    The effects of INS, TAU and TTAU on the plasma and RBC INS level of diabetic rats. 
Differences were signi fi cant from Control at * p  < 0.05 and *** p  < 0.001; and from STZ at 
 +++  p  < 0.001. Values are shown as mean ± SEM for  n  = 6       
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with an INS treatment (55% increase,  p  < 0.001). However all comparisons against 
STZ were much lower ( p  < 0.001), thus indicating signi fi cant protection.   

    27.3.4   Plasma and RBC Hemoglobin (HbA) Levels 

 Chronic diabetes caused a marked loss of HbA from the RBC (−42%,  p  < 0.001) 
into the circulation (up by 100%,  p  < 0.001) (Fig.  27.3 ). TAU and TTAU were about 
equally protective in attenuating these effects (~12% loss) and not signi fi cantly dif-
ferent from the effect exerted by INS (<5% loss). Conversely, while STZ lowered 
the RBC HbA content by 42% ( p  < 0.001), all three treatment agents kept the intra-
cellular HbA to a level comparable to the control value (only  £ 7% loss).   

    27.3.5   Plasma and RBC LPO 

 The occurrence of LPO as a result of diabetes was investigated by measuring the 
levels of MDA in the plasma and RBCs. As shown in Fig.  27.4 , diabetes elevated 
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the MDA to a signi fi cant extent, with the levels being greater in the plasma (+41%, 
 p  < 0.01) than in the RBC (+23%). In either case, all the treatment compounds were 
highly protective, with the values approximating those of control animals.   

    27.3.6   Plasma and RBC Reduced (GSH) and Disul fi de (GGSG) 
Glutathione Levels 

 As shown in Fig.  27.5 , diabetes reduced the plasma and RBC levels of GSH (by 
46%,  p  < 0.001, and 18%,  p  < 0.05, respectively, vs. controls), elevated the accompa-
nying levels of GSSG (by 115%,  p  < 0.001, and 15%,  p  < 0.05, respectively) 
(Fig.  27.6 ), and lowered the corresponding GSH/GSSG ratios (by 75%,  p  < 0.001, 
and 27%,  p  < 0.01, respectively) (Fig.  27.7 ). In terms of the GSH levels, all the 
 treatment compounds effectively counteracted the alterations caused by diabetes. 
Thus, in the plasma TAU raised the GSH content to almost baseline values (−3%) 
and TTAU and INS were found to reduce the losses to 17% ( p  < 0.05) and 26% 
( p  < 0.01), respectively, below the control values. On the other hand, in RBCs while 
TAU and TTAU were equipotent in abolishing the loss of GSH, INS was able to 
limit the decrease in GSH to only about 12%.    
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 Similarly, TAU, TTAU, and INS were found to effectively prevent the increases 
in GSSG levels induced by diabetes in both the plasma (down to only 2–11%) and 
RBCs (down to  £ 7%) (Fig.  27.6 ). As a result, all the treatments were found to pro-
tect against the decreases in GSH/GSSG associated with diabetes, with TAU 
appearing more protective than TTAU in both the plasma (9% decrease vs. 16% 
decrease,  p  < 0.05, respectively) and RBCs (7% increase vs. 5% decrease, respec-
tively) (Fig.  27.7 ). On the other hand a treatment with INS led to plasma and RBC 
GSH/GSSG ratios that were signi fi cantly lower than TAU or TTAU in the plasma 
(34% decrease,  p  < 0.01) but about equal to TAU and TTAU in the RBCs (13% 
decrease).  

    27.3.7   Plasma and RBC Antioxidant Enzymes Activities 

    The effects of diabetes on enzymatic antioxidant defenses were studied by 
 measuring the activities of plasma and RBC catalase (CAT), glutathione pero-
xidase (GPx) and superoxide dismutase (SOD). From the results presented in 
Figs.  27.8 – 27.10 , it is evident that diabetes exerted a reducing effect on these three 
activities in the plasma (down by 58%, 63%, and 66%, respectively, all at  p  < 0.001 
vs. control values) and, to a lesser extent, in RBCs (down by 26%, 35%, and 43%, 
respectively, all at  p  < 0.01 vs. control values). Without exceptions, all the treat-
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ment compounds were able to reduce these losses to extents that varied according 
to the particular enzyme. Thus, a 6 week treatment with the test compounds 
reduced the activity losses of plasma CAT (to 16–23% of control,  p  < 0.05) 
(Fig.  27.8 ), GPx (to 24–39% of control,  p   £  0.05) (Fig.  27.9 ), and SOD (to 9% with 
INS; to ~30% with TAU and TTAU,  p  < 0.01) (Fig.  27.10 ) signi fi cantly. In RBCs, 
however, while both INS and TAU were able to virtually abolish the activity losses 
of CAT and SOD induced by diabetes, only INS was able to have a signi fi cant 
attenuating effect on the losses of SOD. In general, TTAU was insigni fi cantly less 
effective on RBC enzymes than TAU.     

    27.3.8   Plasma Cholesterol (CHOL) and Triglycerides 
(TGs) Levels 

 From the results presented in Table  27.2 , it is evident that diabetes elevated the 
plasma levels of both CHOL and TGs to a signi fi cant extent (by 66% and 190%, 
respectively, both at  p  < 0.001 vs. controls) (Table  27.2 ). While all the treatment 
compounds, including INS, kept the CHOL at ~20% above control ( p  < 0.05), their 
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effects on the plasma TGs was quite variable, with TAU providing a greater 
protection (~46% increase,  p  <0.001) than TTAU (~75% increase,  p  < 0.001); and 
INS returning the TGs content to the baseline value.   

    27.3.9   RBC Membrane CHOL and Phospholipids (PLPs) Levels 

 As indicated in Table  27.3 , diabetes caused a marked increase in the RBC mem-
brane content of CHOL (by 125%,  p  < 0.001) and a mild increase in that of the PLPS 
(by 22%,  p  < 0.05). All the treatment compounds were markedly and uniformly pro-
tective in attenuating the increases in RBC membrane CHOL (by 71% with TTAU, 
by ~79% with TAU and INS,  p  < 0.001 vs. diabetes) (Table  27.3 ). In contrast, the 
effect of these compounds on the PLPs content was rather weak, with TAU provid-
ing a slightly greater stabilizing effect (9% increase) than either TTAU or INS (19% 
and 14% increases, respectively). While the CHOL/PLPs ratio was elevated by dia-
betes by 85% ( p  < 0.001), a treatment with INS, TAU or TAU lowered the elevations 
in the ratio by diabetes to only 57%, 63%, and 46%, respectively, above the control 
value (all at  p  < 0.001 vs. control, all at  p   £  0.05 vs. STZ alone) (Table  27.3 ).   

   Table 27.2    Effects of INS, TAU, and TTAU on the plasma CHOL 
and TGs levels of diabetic rats   

 Control  59.53 ± 1.93 +++   141.15 ± 10.50 +++  
 STZ  99.06 ± 5.03***  405.97 ± 22.98*** 
 STZ-INS  71.08 ± 3.39* ,++   144.86 ± 6.34 +++  
 TAU  58.37 ± 4.88 +++   142.63 ± 9.56 +++  
 STZ-TAU  70.81 ± 2.90* ,++   206.33 ± 12.82*** ,+++  
 TTAU  59.27 ± 6.11 +++   142.69 ± 2.74 +++  
 STZ-TTAU  69.80 ± 0.96* ,++   246.21 ± 20.44*** ,+++  

  Values are reported as the mean ± SEM for  n  = 6. Differences were 
signi fi cant from Control at * p  < 0.05 and *** p  < 0.001; and from STZ at 
 ++  p  < 0.01 and  +++  p  < 0.001  

   Table 27.3    Effects of INS, TAU, and TTAU on the RBC membrane CHOL, PLPs, and CHOL/
PLPs ratio of diabetic rats   

 Treatment groups  CHOL (mg/dL)  PLPs (mg/dL)  CHOL/PLPs ratio 

 Control  40.56 ± 1.19 +++   62.33 ± 0.44 +   0.65 ± 0.02 +++  
 STZ  91.27 ± 2.64***  76.06 ± 2.87*  1.20 ± 0.08*** 
 STZ-INS  72.49 ± 3.06*** ,+   71.35 ± 2.64  1.02 ± 0.06*** 
 TAU  40.60 ± 1.00 +++   61.88 ± 1.02 +   0.66 ± 0.01 +++  
 STZ-TAU  72.02 ± 2.67*** ,+   67.70 ± 0.75  1.06 ± 0.05*** 
 TTAU  43.98 ± 2.60 +++   62.80 ± 0.94 +   0.70 ± 0.04 +++  
 STZ-TTAU  41.14 ± 2.01*** ,+   63.36 ± 2.55*  0.65 ± 0.06*** ,+  

  Values are reported as the mean ± SEM for  n  = 6. Differences were signi fi cant from Control at 
* p  < 0.05 and *** p  < 0.001; and from STZ at  +  p  < 0.05 and  +++  p  < 0.001  
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    27.3.10   RBC Morphology and Spectrin Distribution 

 In comparison with the typical normal concave appearance of RBCs (Fig.  27.11A ) 
from peripheral blood of normal rats, RBCs from diabetic rats exhibited a charac-
teristic echinocytic appearance (Fig.  27.11B ) under the scanning electron micro-
scope (SEM). A 6 week treatment of the diabetic animals with INS led to the 
normalization of the RBC shape (Fig.  27.11C ); but when TAU was given as a treat-
ment the RBCs appeared discocytic and aconcave (Fig.  27.11D ). In contrast, RBCs 
from rats receiving TTAU showed a normal appearance (Fig.  27.11E ).  

 RBCs from normal rats showed their cytoskeletal spectrin uniformly distributed 
throughout (Fig.  27.12A ). In contrast, the spectrin of RBCs from diabetic rats 
became segregated towards the periphery (Fig.  27.12B ). A treatment with INS 
returned the spectrin of diabetic rats to its normal distribution (Fig.  27.12C ), but not 
one with either TAU (Fig.  27.12D ) or TTAU (Fig.  27.12E ).    

    27.4   Discussion 

 This laboratory has previously veri fi ed that in Goto–Kakizaki (GK) rats, a substrain 
of Wistar rats selectively bred over many generations to develop a nonobese type 2 
diabetes early in life as a result of  b -cell mass de fi cit (Tourrel et al.  2002  ) , a treat-
ment with TAU for 5 consecutive days protected the circulating RBCs against mem-
brane and biochemical alterations that follow the oxidative stress and cell damage 
of type 2 diabetes (Gossai and Lau-Cam  2009 ). Speci fi cally, TAU was able to pre-
serve the integrity of the RBC membrane and, in this manner, lower the leakage of 
intracellular lactate dehydrogenase and HbA into the circulation. Furthermore, this 
sulfonate compound was found to reduced LPO and MDA formation, to preserve 
the intracellular GSH and GSH/GSSG ratio, and to prevent the decreases in CAT, 
GPx and SOD activities associated with the diabetic state. When RBCs from dia-
betic rats were examined on a SEM, they displayed an echynocytic appearance 
rather than the normal discoidal biconcave one; and when put through immuno-
chemical plus microscopic analysis, those from diabetic rats showed their 
 fl uorescein-labeled antibody-spectrin conjugates to have a patchy distribution 
instead of a uniform distribution over the inner surface of the RBC (Ziparo et al. 
 1978  ) . In the same study, a treatment with the antioxidant  N -acetylcysteine, but not 
one with TAU, was able to correct for the morphological change and altered spec-
trin distribution (Gossai and Lau-Cam  2009  ) . 

 The present study was undertaken to speci fi cally ascertain if a chronic treatment 
with TAU will be able to overcome the failure of an acute, 5 day treatment, to nor-
malize the morphology and spectrin distribution changes in RBCs caused by type 2 
diabetes. An additional objective was to determine if replacing the sulfonic acid 
group of TAU for the thiosulfonic group, as present in TTAU, would be able to 
improve the protective actions of TAU against diabetes-associated alterations in the 
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  Fig. 27.11    SEM photomicrographs showing the effects of INS, TAU, and TTAU on the morphology 
of RBCs from diabetic rats: ( A ) Control; ( B ) STZ; ( C ) STZ-INS; ( D ) STZ-TAU; ( E ) STZ-TTAU. 
( B ) shows echinocytes and ( D ) shows discocytes. In ( A ), ( C ), and ( E ) the RBCs exhibit a normal 
appearance       
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plasma and RBCs. To attain these objectives, a STZ-induced animal model of 
diabetes was used taking advantage of the ability of this diabetogen to induce mild 
to severe types of diabetes, including type 2 diabetes, by adjusting its dose (Arora 
et al.  2009  ) . The onset of diabetes and its progression was monitored based on 
weekly measurements of GLC in a sample of tail vein blood. Since the blood GLC 

  Fig. 27.12    Confocal microscopy photomicrographs showing the effects of INS, TAU, and TTAU 
on the spectrin distribution in RBCs from diabetic rats: ( A ) Control; ( B ) STZ; ( C ) STZ-INS; 
( D ) STZ-TAU; ( E ) STZ-TTAU. In ( B ) and ( D ) there is segregation of spectrin towards the 
periphery       
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level reached a maximum at 2 weeks post-STZ, all the treatments were started on 
day 15 of the study and they were continued, on a daily basis, until day 56. To more 
accurately assess the intrinsic potencies of TAU and TTAU, these compounds were 
given by the same route and at the same molar (2.4 mmol/kg) dose. In parallel, an 
additional group of diabetic rats was treated with INS to determine the role played 
by hyperglycemia and hypoinsulinemia on the experimental plasma and RBC 
parameters evaluated. 

 While the circulating levels of GLC directly correlated with the formation of 
MDA, serving as an index of LPO, they were inversely correlated with the ratio of 
GSH/GSSG and activities of antioxidant enzymes. Interestingly, the increase in 
blood GLC triggered by a moderate (60 mg/kg) single dose of STZ in the rat was of 
the same magnitude as that reported for mice by a study using a threefold higher 
dose (Arora et al.  2009  ) . After 56 days the same animals also manifested a marked 
hypoinsulinemia, elevated levels of HbA 

1c
 , and frank hyperlipidemia. The occur-

rence of a state of oxidative state was suggested by the ensuing increase in plasma 
MDA, the drastic drop of the plasma GSH/GSSG ratio, and a concomitant reduction 
of the activities of CAT, GPx and SOD. In RBCs, an increase in the membrane 
CHOL/PLPS ratio was accompanied by milder increases in MDA and GSSG levels, 
and milder decreases in GSH and antioxidant enzymes activities relative to results 
obtained from plasma samples. In addition, the massive leakage of intracellular HbA 
into the circulation was suggestive of an extensive change in cell membrane integ-
rity. Some of the explanations accounting for this change have been an increased 
LPO of the RBC membrane (Jain et al.  1989  ) , a disturbance of aminophospholipids 
(phosphatidylethanolamine, phosphatidylserine) organization in the membrane 
bilayer by MDA (Jain  1984  ) , changes in bilayer lipid composition (Jain et al.  1990  ) , 
and increased oxidative damage due to decreased protection by GSH when this anti-
oxidant has become depleted (Fujiwara et al.  1989  ) . The depletion of GSH under 
hyperglycemic conditions might have resulted from a direct interaction with reactive 
aldehydes arising from the metabolism of glucose (Beard et al.  2003  ) , from increased 
rates of utilization (Darmaun et al.  2005  )  or from impaired synthesis due either to 
decreased activity of  g -glutamylcysteine synthetase, the rate-controlling enzyme of 
GSH synthesis due to excessive ROS levels (Trocino et al.  1995  )  or to limited avail-
ability of the precursor molecules glycine and cysteine (Sekhar et al.  2010  ) . 

 On the other hand, the high levels of GSSG observed in RBCs from diabetic 
subjects has been related to both decreased transport of GSSG through the RBC 
membrane out of the cells and decreased glutathione reductase (GR) activity 
(Murakami et al.  1989  ) . However, in view of the much higher increase of GSSG in 
the plasma than in RBCs, it has been postulated that RBCs are responsible for the 
enhanced amounts of GSSG found in plasma of diabetics as a result of a reduced 
conversion to GSH by GR, which is a consequence of decreased activity of glucose-
6-phosphate dehydrogenase (G6PD). Consequently, G6PD fails to supply GR with 
optimum concentrations of its cofactor NADPH to carry out the redox cycling of 
GSH (Costagliola,  1990  ) . An additional contributing factor for the limited 
availability of NADPH may be the accelerated  fl ux of GLC through the polyol 
 (sorbitol) pathway, which is highly dependent on NADPH (Lee and Chiung  1999  ) . 
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 The trend of changes in the activities of antioxidants enzymes reported by differ-
ent laboratories for the plasma, RBCs and major organs of diabetic human subjects 
and experimental animals is surrounded by considerable variability within and 
between laboratories (Maritim et al.  1999,   2003 ; Sundaram et al.  1996  ) . In human 
diabetics, the lack of a uniform trend may also re fl ect concurrent underlying pathol-
ogies, secondary complications, and nutritional de fi ciencies relevant to enzyme 
activities (Sundaram et al.  1996  ) . Under the more tightly controlled conditions of 
studies on animal models of diabetes it has possible to determine that such variabil-
ity is more apparent during the  fi rst weeks after induction of diabetes, at which time 
the synthesis of some of the enzymes may rise as compensatory mechanism against 
oxidative stress; a trend that wanes in about 2–3 months of untreated diabetes, and 
is followed by a generalized decrease in antioxidant enzyme activity (Kędziora-
Kornatowska et al.  1998  ) . In agreement with this concept and with the results gath-
ered by other investigators (Hisalkar et al.  2012 ; Kędziora-Kornatowska et al. 
 1998  ) , the present work found that the activities of CAT, GPx, and SOD were 
signi fi cantly decreased in both the plasma and RBCs. These decreases may have 
resulted from their progressive glycation stimulated by hyperglycemia of diabetes 
since a treatment with INS was found to normalize the blood GLC and HbA 

1c
  levels 

and to reverse the changes in activity of all antioxidant enzymes in the plasma and 
RBCs (Wohaieb and Godin  1987  ) . 

 In diabetes, RBCs are subjected to a hyperglycemic environment favoring oxi-
dant stress and the overproduction of ROS through GLC autoxidation and/or protein 
glycation (Peuchant et al.  1997  ) . As a result, antioxidant defenses and endogenous 
antioxidants are compromised and LPO is increased as demonstrated by the levels 
of MDA and changes in enzymatic and nonenzymatic defense systems. In compari-
son with the results of a previous study conducted on GK rats (Gossai and Lau-Cam 
 2009  ) , changes of these indicators of oxidative stress in the RBCs from STZ-treated 
rats followed the same course but they were more pronounced. Chronic treatments 
with TAU, TTAU or INS resulted in attenuation of MDA formation in both RBCs 
and plasma, with the potency differences among the three treatments being 
insigni fi cant. These results were in close agreement with their attenuating effects on 
changes in blood and plasma GLC, plasma INS and blood HbA 

1c
 . INS, followed by 

TTAU, was the most protective of the three on hyperglycemia and hypoinsulinemia, 
but all three were equipotent in lowering HbA 

1c
  formation. While in the plasma 

TAU was insigni fi cantly more potent than TTAU and INS was the least potent in 
counteracting the downward trend of the GSH redox state caused by diabetes, the 
three treatments were equiprotective in preserving the redox state in RBCs. These 
 fi ndings are in line with those of earlier studies supporting a stimulatory action for 
TAU on INS secretion in live animals and in cultured pancreatic  b -cells (   Cherif 
et al.  1998 ; Tokunaga et al.  1979  )  and for an interaction of TAU with the INS recep-
tor (Maturo and Kulakowski,  1988  ) . Furthermore, they con fi rm the role of antioxi-
dants like TAU in relieving pancreatic  b -cells from the inhibitory action of oxidative 
stress on INS secretion in response to high blood GLC levels (Oprescu et al.  2007  ) . 
Unfortunately, these effects remain to be realized in diabetic volunteers receiving a 
TAU supplementation (Brøns et al.  2004 ; Chauncey et al.  2003  ) . 
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 All the treatment compounds had a marked and about equal decreasing effect on 
the hypercholesterolemia by diabetes. Also all the treatments attenuated the hyper-
triglyceridemic response to diabetes to a signi fi cant extent, with INS normalizing 
this parameter, and TAU providing an almost twofold better protection than TTAU. 
In contrast, an assessment of the effects of the same treatments on the RBC mem-
brane contents of CHOL and PLPs indicated that TTAU was marginally the most 
effective treatment in lowering the increase of CHOL/PLPs ratio, with TAU and 
INS demonstrating equivalent and weaker effects. 

 In agreement with the results of an earlier short-term (5 days) study by this labo-
ratory with TAU on GK rats (Gossai and Lau-Cam  2009  ) , the present chronic 
(42 days) treatment with TAU also failed to return the echinocytes present in dia-
betic rats to the normal biconcave discocytes seen in normal rats. However, by 
extending the treatment with TAU the RBCs became spherocytes. These  fi ndings 
suggest that in experimental models of diabetes the echinocytic shape of the RBCs 
is not entirely determined by the lipid composition of the cell membrane and the 
CHOL/PLPs ratio, which is characteristically elevated in diabetes, since identical 
treatments with either TTAU or INS were able to normalize the shape of the RBC in 
spite of reducing the ratio to about the same extent. The effects of the treatment 
compounds on RBC morphology correlated well with the cytoskeletal spectrin dis-
tribution, which was seen segregated to a narrow area of RBCs from untreated and 
TAU-treated diabetic rats. In contrast, RBCs from rats receiving either TTAU or 
INS showed the spectrin uniformly distributed throughout the cell. Both spherocytic 
cells and segregated spectrin may have resulted from changes in cytoskeletal struc-
ture and from the restructuring of the PLP bilayer as a result of oxidative stress, 
changes that may lead to the loss of stability of the membrane bilayer, to the separa-
tion of spectrin from the PLP bilayer and to some PLP to leave the membrane and 
favor the formation of a smaller spherocytic cell (Desouky  2009  ) . 

 In conclusion, the present results reveal that a chronic treatment of diabetic rats 
with TTAU, the thiosulfonate analog of TAU, can protect against biochemical 
changes associated with diabetes in exactly the same manner as the parent com-
pound and INS. However, at variance with TAU, it demonstrated a greater effect on 
the hyperglycemia, hypoinsulinemia, and decrease in the GSH redox state caused 
by diabetes. More importantly, it was able to normalize the RBC morphology and 
cystoskeletal spectrin distribution while TAU was not.      
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  Abstract   This study has compared the actions of the sulfur-containing compounds 
taurine (TAU) and thiotaurine (TTAU) with those of insulin (INS) on the oxidative 
stress that develops in the aorta and heart as a result of diabetes. Diabetes was induced 
in male Sprague–Dawley rats with streptozotocin (60 mg/kg, i.p.). Starting on day 15, 
and continuing for the next 41 days, the diabetic rats received each day 2 mL of physi-
ological saline or 2.4 mmol/kg/2 mL of TAU (or TTAU) p.o. or 4 U/kg of isophane INS 
s.c. Normal rats served as controls. The rats were sacri fi ced on day 57 to collect blood, 
heart and thoracic aorta samples. Untreated diabetic rats exhibited a lower body 
weight gain (by 34%), higher than normal plasma glucose (by ~4-fold), cholesterol 
(by 66%) and triglycerides (by 188%) levels, and lower INS levels (by 76%). Also 
there was a marked increase in catalase activity ( ³ 90%); and clear decreases in 
nitrite ( ³ 40%), glutathione redox status ( ³ 67%), and glutathione peroxidase ( ³ 66%) 
and superoxide dismutase ( ³ 51%) activities in both the aorta and heart. With only a 
few isolated instances (plasma lipids), TTAU was either markedly more effective 
(plasma glucose, plasma INS, aorta and heart glutathione, aorta redox status, and 
antioxidant enzymes) or marginally more effective (heart redox status) than TAU in 
attenuating the alterations brought about by diabetes. These results suggest that 
replacing the sulfonic acid group of TAU by thiosulfonic acid can lead to a greater 
potency against diabetes-related biochemical changes in the plasma, heart and aorta. 
However, except for effects on plasma lipids, these sulfur-containing compounds 
were less effective than INS in counteracting diabetes-related changes.  

    E.   Mathew   •     M.  A.   Barletta   •     C.  A.   Lau-Cam   (*)
     Department of Pharmaceutical Sciences ,  College of Pharmacy and Allied 
Health Professions, St. John’s University ,   Jamaica ,  NY   11439 ,  USA    
e-mail:  claucam@usa.net   

    Chapter 28   
 The Effects of Taurine and Thiotaurine 
on Oxidative Stress in the Aorta and Heart 
of Diabetic Rats       

      Elizabeth   Mathew   ,    Michael   A.   Barletta   , and       Cesar   A.   Lau-Cam         



346 E. Mathew et al.

  Abbreviations  

  STZ    Streptozotocin   
  TAU    Taurine   
  TTAU    Thiotaurine   
  INS    Insulin   
  GLC    Glucose   
  CHOL    Cholesterol   
  TG    Triglycerides   
  NO 

2
  −     Nitrite   

  MDA    Malondialdehyde   
  GSH    Reduced glutathione   
  GSSG    Glutathione disul fi de   
  CAT    Catalase   
  GPx    Glutathione peroxidase   
  SOD    Superoxide dismutase         

    28.1   Introduction 

 Type 2 diabetes is an evolving lifelong disease characterized by clinical manifestations 
that re fl ects changes in blood glucose levels and in  b -cell mass, phenotype, and function 
(Weir and Bonner-Weir  2004  ) . One of early stages of type 2 diabetes is glucose intoler-
ance, which is imposed by the insulin resistance of peripheral organs, including liver, fat, 
and muscle tissues, and by increased insulin secretion by the pancreas as a compensation 
to maintain normoglycemia (Heather and Clarke  2011 ; Weir and Bonner-Weir  2004  ) . 
Depending on the plasticity of the  b -cells, the hyperinsulinemic drive may be long last-
ing or may progress to a state of hypoinsulinemia, hyperglycemia, and insulin-depen-
dent diabetes due to reduction of  b -cell mass. As a consequence, diabetes is a highly 
heterogeneous disease with many systemic effects (Heather and Clarke  2011  ) . 

 Studies in humans and animals have suggested that type 2 diabetes contributes to 
the pathogenesis of microvascular (retinopathy, neuropathy, and nephropathy) and 
macrovascular (accelerated atherosclerosis affecting the heart and brain) diseases 
(Calles-Escandon and Cipolla  2001  )  by adversely affecting small (microangiopa-
thy) and large (macroangiopathy) blood vessels. From an epidemiological stand-
point, vasculopathy and cardiomyopathy are at the forefront of diabetic complications 
because of a high incidence and mortality and because of the economic burden 
associated with them (Sharpe et al.  1998 ; Gugliucci  2000  ) . 

 In type 2 diabetes, the etiology of macrovascular disease seems to be multifacto-
rial and to result from the complex interactions of factors such as hyperglycemia, 
hyperlipidemia, hyperinsulinemia and/or hyperproinsulinemia, and oxidative stress 
among others (Calles-Escandon et al.  1999    ). There is also evidence to indicate that 
endothelial dysfunction is an early marker of atherosclerosis and one that can be 
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detected before structural changes to the vessel wall have become apparent to 
conventional sonographic or radiologic diagnostic procedures (Davignon and 
Ganz  2004  ) . 

 The relevance of hyperglycemia and oxidative stress to the pathogenesis of 
vascular complications of diabetes has been demonstrated both in vivo and in vitro. 
For example, a study with cultured porcine aortic vascular smooth muscle cells 
exposed to different concentrations of glucose revealed that the levels of intracellular 
malondialdehyde (MDA), serving as a marker of peroxidative damage, and of the 
intracellular antioxidant reduced glutathione (GSH) were increased and decreased, 
respectively, in proportion to the concentration of glucose added (Sharpe et al.  1998  ) . 
Similarly, exposing coronary microvascular endothelial cells to a hyperglycemic 
environment was found to signi fi cantly reduce the levels of GSH and of the vasore-
laxant nitric oxide (NO) and to increase the protein expressions and activities of 
p22-phox, a membrane-bound component of prooxidant NAD(P)H oxidase and anti-
oxidant enzymes (Weidig et al.  2004  ) . In the same study, the addition of free radi-
cal scavengers like tiron and mercaptopropionylglycine was found to attenuate 
these effects independently of the increase in medium osmolarity. There is also 
experimental data derived from rats made diabetic with streptozotocin (STZ) indi-
cating that chronic treatment with insulin (INS), started at the onset of diabetes, 
was able to preserve the normal relaxation–contraction responses of the aorta 
(Kobayashi and Kamata  1999  ) ; and that a treatment with INS, the antioxidant 
melatonin or, better with both, restored the normal responses of the isolated aorta 
to standard relaxing and contracting pharmacological agents (Paskaloglu et al. 
 2004  ) . The same animal model has been helpful to establish a direct correspon-
dence between the degree of aortic impairment observed in tissue bath prepara-
tions and the extent of lipid peroxidation (LPO) and decrease of GSH levels in the 
aortic tissue (Paskaloglu et al.  2004  ) . 

 The role of diabetes as a risk factor for the development of cardiovascular compli-
cations and cardiovascular disease has also been the subject of extensive investiga-
tion. Studies in humans and laboratory animals with type 1 or type 2 diabetes have 
clearly demonstrated that free radicals play a major role in the development of car-
diac remodeling and cardiac dysfunction (Babu et al.  2006  ) , and they are one of the 
earliest factors triggering other deleterious mechanisms (Potenza et al.  2009  ) . The 
extreme susceptibility of the heart to oxidative damage and, hence, to changes in 
morphology and function due to attack by reactive oxygen (ROS) and reactive nitro-
gen (RNS) species is attributed to its low content of free radical scavengers and 
antioxidant enzymes (Chen et al.  1994  )  and/or to compromised antioxidant defense 
systems (Kędziora-Kornatowska et al.  2003  ) . Under the in fl uence of hyperglycemia, 
ROS, including superoxide anion, peroxynitrite, hydroxyl radical, and hydrogen per-
oxide, may originate from glucose autoxidation, protein glycation, oxidative forma-
tion of advanced glycation end products, the polyol pathway (Wolff et al.  1991  )  and, 
especially, from the mitochondrial electron transport chain (Shen et al.  2006  ) . Based 
on the close relationship between oxidative stress and cardiovascular disorders in 
diabetes, numerous antioxidant compounds with different chemical features and bio-
logical have been evaluated in STZ- or alloxan-treated animals. 
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 The present study was undertaken in rats with the speci fi c purpose of comparing 
the actions of taurine (TAU), 2-aminoethanesulfonic acid, with those of its analog 
thiotaurine (TTAU), 2-aminoethanethiosulfonic acid, to assess the impact of replacing 
the sulfur-containing functionality of TAU with the thiosulfonic acid group on the 
protective actions of this compound in the heart and aorta of STZ-treated rats. While 
the attenuating effects of TAU on hyperglycemia (Brøns et al.  2004 ; Kaplan et al. 
 2004 ; Kulakowski and Maturo  1984  ) , hyperlipidemia (Militante and Lombardini 
 2004  ) , oxidative stress (Di Leo et al.  2002 ; Obrosova et al.  2001 ; Obrosova and 
Stevens  1999 ; Shivananjappa and Muralidhara  2012  ) , and functional and biochemical 
alterations caused by diabetes on the macrovasculature (Fennessy et al.  2003 ; Moloney 
et al.  2010 ; Tan et al.  2007 ; Wang et al.  2008  )  and heart (Xu et al.  2008  )  are well docu-
mented, information on the actions of TTAU on diabetes appears to be limited to a 
single report describing its lowering actions on the blood glucose and triglycerides of 
alloxan-treated rats (Katsumata et al.  1997  ) . To more accurately gauge the protective 
potencies of TAU and TTAU, their actions were compared against those of INS.  

    28.2   Methods 

 Male Sprague–Dawley rats, 200–250 g in weight, were used in the study. The animals 
were kept in a room maintained at a constant temperature (23 ± 1°C) and relative 
humidity, with a normal 12 h dark–12 h light cycle. Throughout the study the ani-
mals had free access to a commercial rodent diet chow and  fi ltered tap water; and 
were cared in accordance with guidelines established by the United States 
Department of Agriculture. The study received the approval of the Institutional 
Animal Care and Use Committee of St. John’s University, Jamaica, New York. 

 Diabetes was induced with an intraperitoneal, 60 mg/kg/2 mL, dose of streptozo-
tocin (STZ) in citrate buffer pH 4.5, and allowed to progress for 14 days. From day 
15 until day 56, groups of six diabetic rats were treated on a daily basis with an oral 
dose of taurine or thiotaurine (2.4 m mol/kg each) (the treatment groups), a subcu-
taneous, 4 U/kg, dose of isophane insulin (the reference group), or an oral, 2 mL, 
volume of physiological saline (the diabetic group). A group of naive rats served as 
the control group. All the rats were sacri fi ced by decapitation on day 57 to collect 
their blood in heparinized tubes and to isolate their thoracic aortae and hearts. The 
blood samples were centrifuged at 700 ×  g  and 4°C for 10 min to isolate their plasma 
fraction, which was used for the assay of glucose (GLC), insulin (INS), cholesterol 
(CHOL) and triglycerides (TG) contents. Aliquots of aorta or heart were homoge-
nized with phosphate buffered saline pH 7.4 (1:30, w/v) to obtain a suspension 
which, upon centrifugation at 1,000 ×  g  and 4°C, yielded a supernatant suitable for 
the assay of malondialdehyde (MDA), nitric oxide (measured as the more stable 
product nitrite, NO 

2
  − ), reduced glutathione (GSH), glutathione disul fi de (GSSG), 

catalase (CAT), glutathione peroxidase (GPx), and superoxide dismutase (SOD). 
 GLC was assayed using a commercially available colorimetric assay kit from 

Sigma Chemical Co., St. Louis, MO (Procedure No.510); INS was assayed with an 
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ELISA kit from Calbiotech Inc., Spring Valley, CA (Item No. IS130D) and CHOL 
and TG were measured with assay kits from Stanbio Laboratory, Boerne TX 
(Cholesterol Liquicolor ®  and Enzymatic Triglycerides Procedure No. 2150, respec-
tively). Remaining biochemical parameter were measured using published methods: 
MDA according to Buege and Aust ( 1978 ), NO 

2
  −  according to Fox et al.  (  1981  ) , 

GSH and GSSG according to Akerboom and Sies  (  1981  )  supplemented by the 
method of Guntherberg and Rost  (  1966  )  for removing interfering GSH, CAT according 
to Aebi  (  1984  ) , GPx according to Flohé and Günzler  (  1984  ) , and SOD according to 
Misra and Fridovich  (  1972  ) . 

 The experimental results, reported as mean ± SEM for  n  = 6, were analyzed by 
unpaired Student’s  t -test followed by one-way analysis of variance and Newman–Keuls 
multiple comparison test. Differences from the control and diabetic groups were 
considered to be signi fi cant when  p  was at least 0.05.  

    28.3   Results 

    28.3.1   Body Weight Gains and Aortae Weights 

 At the end of 56 days the body weight of the diabetic rats was 27% lower than that 
of normal rats ( p  < 0.05) (Fig.  28.1 ). A 6-week treatment with INS allowed the dia-
betic rats to attain a body weight that was only 4% below that of normal rats. 
Identical treatments with TAU and TTAU also resulted in steady growths but which 
were, respectively, 10% and 18% ( p  < 0.05) below that of normal rats. However, 
when the body weights on day 56 were compared with those measured on day 1, the 
gain of normal rats was ~95% and that of diabetic rats was only 37%. A treatment 
with INS allowed the weight of diabetic rats to increase by 87%, which was higher 
than those seen after equal treatments with either TAU (68% gain) or TTAU (56% 
gain) (Fig.  28.1 ). Furthermore, a direct proportionality was veri fi ed between the 
body weights and wet weights of the corresponding aortae (Fig.  28.1 ). Thus, at the 
end of 56 days aortae from untreated diabetic rats were in the average 37% lighter 
than aortae from normal rats ( p  < 0.01). A treatment with INS, found to normalize 
the body weight gain, also normalized the aortic weight; and treatments with TAU 
and TTAU, leading to lower body weight gains, led to aortic weights that were 15% 
( p  < 0.05) and 23% ( p  < 0.05) lower than the weights of control samples.   

    28.3.2   Plasma GLC and INS 

 As shown in Figs.  28.2  and  28.3 , respectively, diabetes raised the plasma GLC by 
>300% and lowered the plasma INS by 76% to a signi fi cant extent (both at  p  < 0.001). 
Following a chronic treatment with INS, the GLC value was only 23% above 
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control ( p  < 0.05) and that of INS exceeded the control value by 21% ( p  < 0.05). 
Both TAU and TTAU also attenuated changes caused by diabetes but to a much 
lesser extent when compared to INS. With these compounds, the plasma GLC was 
found to increase by ~220% and ~155%, respectively (both at  p  < 0.001) (Fig.  28.2 ); 
and the plasma INS was decreased by 52% ( p  < 0.001) and 42% ( p  < 0.01), respec-
tively (Fig.  28.3 ).    

    28.3.3   Plasma CHOL and TG 

 Figure  28.4  summarizes the results for the plasma CHOL and TG levels, respec-
tively. These lipids were increased in diabetic rats by 66% and 188%, respectively 
(both at  p  < 0.001). A treatment with INS had a weak attenuating effect on both the 
plasma CHOL (up by ~50% ( p  < 0.05) and TG (up by 181%) relative to diabetic 
values. While TAU and TTAU were about equipotent with each other (only 20% 
increase,  p  < 0.05), TAU was more effective than TTAU in lowering the elevation in 
plasma TG (up by 46% and 74%, respectively, both at  p  < 0.001 vs. control).   
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  Fig. 28.1    Body weights and aortae weights for normal, diabetic, and treated diabetic rats after 
56 days. STZ was administered on day 1 and treatments with INS, TAU, and TTAU were started 
on day 15. Differences were signi fi cant from Control at * p  < 0.05, ** p  < 0.01, and *** p  < 0.001; 
from STZ at  +  p  < 0.05,  ++  p  < 0.01, and  +++  p  < 0.001; and from INS at  ●  p  < 0.05,  ●●  p  < 0.01, and 
 ●●●  p  < 0.001. Values are shown as mean ± SEM for  n  = 6       
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  Fig. 28.2    Plasma GLC levels of normal, diabetic, and treated diabetic rats after 56 days. STZ was 
administered on day 1 and treatments with INS, TAU, and TTAU were started on day 15. Differences 
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 n  = 6       
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    28.3.4   Aorta and Heart MDA and NO 
2
  −  

 The results summarized in Fig.  28.5  indicate that STZ-induced diabetes stimulated 
the production of MDA both in the aorta (up by 233%,  p  < 0.001) and heart (up by 
183%,  p  < 0.001), and that a treatment with INS was highly protective against these 
changes (increases of only 15% and 8%, respectively). TAU and TTAU were also 
found to provide a good protection but which was not as great as INS in both the 
aorta (increases of 41% and 29%, respectively, both at  p  < 0.01) and heart (increases 
of 37% and 27%, respectively, both at  p  < 0.01). The data in Fig.  28.6  indicate that 
the NO 

2
  −  levels were differently affected by diabetes, with a decrease in the aorta 

(by 40%,  p  < 0.01) and an increase in the heart (by 103%,  p  < 0.001). Again, INS 
was highly protective against these changes (4% decrease and 19% increase, 
 p  < 0.05, respectively). TAU and TTAU were almost equally protective both in the 
aorta (decreases of 18%,  p  < 0.05, and 12%, respectively) and the heart (increase of 
only ~49%,  p  < 0.001, with both).    
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  Fig. 28.4    Plasma CHOL and TG levels of normal, diabetic, and treated diabetic rats after 56 days. 
STZ was administered on day 1 and treatments with INS, TAU, and TTAU were started on day 15. 
Differences were signi fi cant from Control at * p  < 0.05 and *** p  < 0.001; from STZ at  ++  p  < 0.01 
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    28.3.5   Aorta and Heart GSH and GSSG 

 Figures  28.7  and  28.8  present the results for the GSH and GSSG contents in the aorta 
and heart of the various experimental groups. STZ-induced diabetes lowered the intra-
cellular contents of GSH (by 56% in the aorta,  p  < 0.001, by 44% in the heart,  p  < 0.01), 
but increased those of GSSG (by 72% in the aorta, by 52% in the heart, both at 
 p  < 0.001). A treatment with INS counteracted all these changes to a signi fi cant extent, 
with the values not being signi fi cantly different from those of the control values. 
While TAU and TTAU were also able to attenuate these changes, they were less effec-
tive than INS in preserving the GSH content and somewhat equipotent with INS in 
lowering the GSSG content. Thus, TTAU was somewhat more potent than TAU in 
preventing the depletion of GSH in the aorta (21% loss vs. 32%, both at  p  < 0.01) and 
heart (10% loss vs. 17% loss). While in the aorta, TTAU was found to normalize the 
GSSG level and TAU to lower the diabetic value by ~20% ( p  < 0.05), in the heart both 
compounds were about equal in suppressing the GSSG increase. Furthermore, the 
effects of these treatments were re fl ected on their respective abilities to prevent the 
decrease (by 65%,  p  < 0.001) in the GSH/GSSG ratio seen in diabetes (Fig.  28.9 ). 
Again INS was the most potent (<10% decreases), TTAU had an intermediate potency 
(~20% decrease in the aorta, no decrease in the heart), and TAU was the least potent 
in both the aorta (59% decrease,  p  < 0.001) and heart (15% decrease).     
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  Fig. 28.5    Aorta and heart MDA levels of normal, diabetic, and treated diabetic rats after 56 days. 
STZ was administered on day 1 and treatments with INS, TAU, and TTAU were started on day 15. 
Differences were signi fi cant from Control at ** p  < 0.01 and *** p  < 0.001; from STZ at  +++  p  < 0.001; 
and from STZ + INS at ● p  < 0.05 and ●●● p  < 0.001. Values are shown as mean ± SEM for  n  = 6       
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    28.3.6   Aorta and Heart Antioxidant Enzymes 

 As shown in Fig.  28.10 , the activity of CAT was elevated by diabetes in the aorta (by 
127%,  p  < 0.001) and heart (by 90%,  p  < 0.001). These alterations were attenuated 
by all the treatments, with INS providing the greatest protection (increases of 38%, 
 p  < 0.01, and 11%, respectively), followed by TTAU (increases of 58%,  p  < 0.001, 
and 26%,  p  < 0.01, respectively), with TAU demonstrating the weakest effects 
(increases of 89%,  p  < 0.001, and 33%,  p  < 0.01, respectively). In comparison to the 
changes in CAT activity, those of GPx and SOD followed a different direction as a 
result of diabetes. As seen in Fig.  28.11 , diabetes lowered the activities of GPx both 
in the aorta (by 66%,  p  < 0.001) and heart (by 75%,  p  < 0.001). INS was able to keep 
these decreases to  £ 10% below the control values. TAU and TTAU were also able to 
reduce the losses of GPx activity, with TTAU demonstrating a greater attenuating 
effect in both the aorta (32%,  p  < 0.01, loss) and heart (20%,  p  < 0.05, loss) than TAU 
(losses of 40%,  p  < 0.01, and 27%,  p  < 0.01, respectively).   

 In common with the GPx activities, those for SOD were of comparable magnitude 
and direction in the aorta (64% loss,  p  < 0.001) and heart (51% loss,  p  < 0.001) 
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  Fig. 28.6    Aorta and heart NO levels of normal, diabetic, and treated diabetic rats after 56 days. 
STZ was administered on day 1 and treatments with INS, TAU, and TTAU were started on day 15. 
Differences were signi fi cant from Control at * p  < 0.05, ** p  < 0.01, and *** p  < 0.001; from STZ at 
 ++  p  < 0.01 and  +++  p  < 0.001; and from STZ + INS at ● p  < 0.05, ●● p  < 0.01, and ●●● p  < 0.001. Values are 
shown as mean ± SEM for  n  = 6       
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(Fig.  28.12 ). INS provided a strong protection against these changes (losses of only 
26%,  p  < 0.01, and 13%, respectively). A treatment with TTAU was also protective, 
with the effect being weaker than INS in the aorta (36% loss,  p  < 0.01) and compa-
rable to INS in the heart (17% loss,  p  < 0.05). On the other hand, TAU was less 
potent than TTAU in both samples (losses equal to 45%,  p  < 0.001, and 27%,  p  < 0.01, 
respectively).    

    28.4   Discussion 

 Information on the actions of TTAU on diabetes appear to be limited to a report by 
Katsumata et al.  (  1997  )  describing its acute hypoglycemic and hypotriglyceridemic 
effects in alloxan-treated rats when given as a pretreatment. In the present study the 
actions of this thiosulfonate on experimentally induced diabetes were examined 
using a chronic treatment approach and rats made diabetic with STZ. This animal 
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  Fig. 28.7    Aorta and heart GSH levels of normal, diabetic, and treated diabetic rats after 56 days. 
STZ was administered on day 1 and treatments with INS, TAU, and TTAU were started on day 15. 
Differences were signi fi cant from Control at * p  < 0.05, ** p  < 0.01, and *** p  < 0.001; from STZ at 
 +++  p  < 0.001; and from STZ + INS  at ● p  < 0.05, ●● p  < 0.01, and ●●● p  < 0.001. Values are shown as 
mean ± SEM for  n  = 6       
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model is quite convenient since it allows the evaluation of exogenous agents for 
protection against diabetes-induced changes in body weight, biochemical parame-
ters associated with blood GLC and lipids (Montilla et al.  1998 ; Patel and Goyal 
 2011  ) , oxidative stress (Coskun et al.  2005 ; Obrosova et al.  1998 ; Obrosova and 
Stevens  1999 ; Patel and Goyal  2011  ) , energy metabolism (Obrosova et al.  1998  )  
and major complications of diabetes (Banes-Berceli et al.  2007 ; Bravo-Nuevo et al. 
 2011 ; Obrosova et al.  1998 ; Obrosova and Stevens  1999 ; Wei et al.  2003  ) . In the 
present case, STZ-induced diabetes was found to drastically lower the body weights, 
to elevate the circulating levels of GLC, INS, CHOL, and TG, to promote MDA and 
GSSG formation, and to lower the NO and GSH contents as well as the activities of 
antioxidant enzymes in both the aorta and heart. 

 Under the present experimental conditions, a 6-week treatment with INS, TAU, 
or TTAU led to a signi fi cant increase in the body weights of diabetic rats, with INS 
demonstrating a reversing effect when administered daily from week 3 of diabetes 
onwards and which culminated in body weights comparable to those of normal rats 
by the end of week 8. An identical treatment with TAU and TTAU, administered in 
equimolar doses, also promoted a steady increase in body weights but not as much 
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  Fig. 28.8    Aorta and heart GSSG levels of normal, diabetic, and treated diabetic rats after 56 days. 
STZ was administered on day 1 and treatments with INS, TAU, and TTAU were started on day 15. 
Differences were signi fi cant from Control at * p  < 0.05 and *** p  < 0.001; from STZ at  +  p  < 0.05, 
 ++  p  < 0.01, and  +++  p  < 0.001; and from  STZ + INS at ●● p  < 0.01 and ●●●p < 0.001. Values are shown 
as mean ± SEM for  n  = 6       
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as INS. Moreover, the weights of animals on TTAU were lower than those on TAU 
when the  fi nal body weights were compared with the respective initial weights. 
This unexplained  fi nding is surprising since the appearance and behavior of these 
animals was like those of control animals. Moreover, the treatment of diabetic rats 
either with INS or with a sulfur-containing compound resulted in aortae that were 
heavier than those of untreated diabetic rats. The weight loss of aorta from diabetic 
rats has been correlated with a decrease in muscle mass rather than with a decrease 
in  fl uid content (Mulhern and Docherty  1989  ) . 

 TAU and TTAU were also found to lower the plasma GLC and to raise the 
plasma INS to a signi fi cant extent relative to values for untreated diabetic rats, but 
not as much as INS. In both instances, the effects of TTAU were greater than those 
from an equal dose of TAU. Interestingly, while this and other studies have repeat-
edly shown that TAU is a hypoglycemic agent in animal models of diabetes 
(Kulakowski and Maturo  1984 ; Nandhini et al.  2005 ; Tenner et al.  2003  ) , the 
same consistency has not been observed in human subjects since both positive 
(Elizarova and Nedosugova  1996  )  and negative (Chauncey et al.  2003  )  results have 
been documented. The hypoglycemic action of TAU has been related to an ability 
to improve sensitivity to INS (Nakaya et al.  2000  ) , to potentiate the actions of INS 
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  Fig. 28.9    Aorta and heart GSH/GSSG ratios of normal, diabetic, and treated diabetic rats after 
56 days. STZ was administered on day 1 and treatments with INS, TAU, and TTAU were started 
on day 15. Differences were signi fi cant from Control at * p  < 0.05, ** p  < 0.01, and *** p  < 0.001; 
from STZ at  ++  p  < 0.01 and  +++  p  < 0.001; and from STZ + INS at ● p  < 0.05, ●● p  < 0.01, and ●●● p  < 0.001. 
Values are shown as mean ± SEM for  n  = 6       
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(Lampson et al.  1983  ) , to bind to the INS receptor (Maturo and Kulakowski  1988  ) , 
and to stimulate INS secretion (Cherif et al.  1996  ) . The increase in plasma INS 
attained with either TAU or TTAU was signi fi cant relative to the level of untreated 
diabetic rats, with the latter compound appearing more potent than the former. 
Earlier reports on TAU have indicated that this compound can protect the pancreas 
of rats against damage by STZ when given as a pretreatment (Chang and Kwon 
 2000  ) , and to have either a stimulatory (Cherif et al.  1996 ; Hisashi et al.  1979  )  or 
inhibitory (Tokunaga et al.  1983  )  effect on INS secretion. While the actions of 
TTAU could be of potential bene fi t in controlling chronic hyperglycemia, a recog-
nized risk factor of diabetic complications such as vascular damage and cardio-
myopathy (Militante et al.  2000  ) , it will need to undergo further evaluation in the 
laboratory and in human subjects since previous studies with TAU in human vol-
unteers failed to produce obvious effects on INS secretion and on GLC levels 
(Brøns et al.  2004 ; Chauncey et al.  2003  ) . 

 Hyperglycemia is recognized as one of the major determinants of the develop-
ment of microvascular anomalies and of cardiomyopathy in diabetic subjects 
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  Fig. 28.10    Aorta and heart CAT activities of normal, diabetic, and treated diabetic rats after 
56 days. STZ was administered on day 1 and treatments with INS, TAU, and TTAU were started 
on day 15. Differences were signi fi cant from Control at ** p  < 0.01 and *** p  < 0.001; from STZ at 
 ++  p  < 0.01 and  +++  p  < 0.001; and from STZ + INS at ● p  < 0.05, ●● p  < 0.01, and ●●● p  < 0.001. Values are 
shown as mean ± SEM for  n  = 6       
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(Hayat et al.  2004  ) . However, the occurrence of oxidative stress appears not to be 
strictly dependent on the prevailing high levels of glucose since even brief increases 
can signi fi cantly elevate the production of ROS in vascular cells (Yano et al.  2004  ) ; 
and stimulation of oxidative stress have shown a better correlation with acute 
 fl uctuations of GLC in the postprandial period than with chronic sustained hyper-
glycemia (Monnier et al.  2006  ) . In the hyperglycemic state, ROS may originate 
from the formation of advanced glycation end products (AGEs), increased  fl ux of 
GLC through the polyol pathway, activation of protein kinase C isoforms and the 
hexosamine pathway, impairment of the electron transport chain (Brownlee  2001  ) , 
and activation of membrane-bound NAD(P)H oxidase (Mohazzab et al.  1994  ) . The 
overproduction of ROS can lead to cell injury through peroxidation of cell mem-
brane lipids to yield MDA and 4-hydroxynonenal (4-HNE) (Haber et al.  2003  ) , to 
the cleavage of DNA (Pan et al.  2010  ) , and to the oxidation of proteins to yield 
protein carbonyl derivatives and nitrotyrosine (Adams et al.  2001  ) . In addition, 
ROS can inhibit enzymes in complexes of the mitochondrial electron transport 
chain to cause blockade of electron  fl ow, reduction of oxidative phosphorylation 
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  Fig. 28.11    Aorta and heart GPx activities of normal, diabetic, and treated diabetic rats after 
56 days. STZ was administered on day 1 and treatments with INS, TAU, and TTAU were started 
on day 15. Differences were signi fi cant from Control at ** p  < 0.01 and *** p  < 0.001; from STZ at 
 +++  p  < 0.001; and from STZ + INS at ● p  < 0.05, ●● p  < 0.01, and ●●● p  < 0.001. Values are shown as 
mean ± SEM for  n  = 6       
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and the diversion of oxygen towards the formation of superoxide anion (Brownlee 
 2001  ) . Oxidative stress has also been associated with the activation of oxidative 
stress pathways related to the development of in fl ammation and of late complica-
tions of diabetes and of signaling pathways associated with the development of 
INS resistance (Hesselink et al.  2007  ) . 

 Based on the measurement of MDA levels, the present study veri fi ed that LPO 
was markedly increased by an acute treatment with STZ, more in the aorta than in 
the heart. INS was found to effectively reduce these elevations to values that were 
comparable to the respective control values. TAU and TTAU were also effective in 
attenuating LPO but to a lesser extent than INS. Furthermore, TTAU was found to 
be roughly twice as potent as TAU. Based on these results, it would appear that in 
the present animal model LPO is directly dependent on the ability of the test com-
pounds to in fl uence the circulating levels of GLC and INS (Nandhini et al.  2005  ) . 
Further evidence on a protective antioxidant action by TAU against hyperglycemia-
induced oxidative stress and, thereby, against INS resistance, was investigated by 
infusing rats with GLC in the presence or absence of TAU, followed by a hyperin-
sulinemic-euglycemic clamp. Changes such as the increased formation of protein 
carbonyl, MDA and 4-HNE, serving as markers of oxidative stress, and a decrease 
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  Fig. 28.12    Aorta and heart SOD activities of normal, diabetic, and treated diabetic rats after 
56 days. STZ was administered on day 1 and treatments with INS, TAU, and TTAU were started 
on day 15. Differences were signi fi cant from Control at * p  < 0.05, ** p  < 0.01, and *** p  < 0.001; 
and from STZ at  +++  p  < 0.001. Values are shown as mean ± SEM for  n  = 6       
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in INS-stimulated uptake of labeled GLC into the soleus muscle were all normalized 
by TAU (Haber et al.  2003  ) . 

 Diabetes mellitus is associated with altered myocardial function and increased 
susceptibility to cardiovascular complications that are detectable by echocardiogra-
phy, hemodynamic assessment, isolated heart perfusion techniques, histological 
evidence of necrosis, and measurement of NO-related parameters (Joffe et al.  1999  ) . 
Considerable evidence has accumulated to link diabetes to the accelerated develop-
ment of atherosclerosis, with hyperglycemia, hyperlipidemia, and oxidative stress 
representing prominent risk factors of this macrovascular complication of diabetes 
(Ganda and Arkins  1992  ) . Hyperglycemia may cause endothelial dysfunction by 
lowering the availability of endothelial NO, which protects against vascular disease 
through actions that include vasodilation, inhibition of platelet aggregation and 
adhesion to the vascular wall, lowering of the expression of chemoattractant and 
surface adhesion proteins involved in atherogenesis, reduction of vascular permea-
bility and of the rate of oxidation of LDL to its proatherogenic form, and inhibition 
of the proliferation of vascular smooth muscle cells (Du et al.  2001  ) . In vitro experi-
ments with bovine aortic endothelial cells (BAECs) have determined that an expo-
sure to either GLC or glucosamine, a product of the hexosamine pathway, can inhibit 
the endothelial NO synthase (eNOS) through O-linked N-acetylglucosamine 
modi fi cation of eNOS and a reciprocal decrease in O-linked serine phosphorylation, 
an effect that was enhanced by superoxide anion of mitochondrial origin, found to 
accumulate as a result of impairment of the mitochondrial electron transport chain 
and mitochondrial Mn SOD by glucose and glucosamine (Du et al.  2001 ; Guzik 
et al.  2002  ) . A chronic, but not an acute, exposure of BAECs to high GLC levels was 
also accompanied by a reduction of the total NO 

2
  −  content and by the decreased 

expression of eNOS mRNA and eNOS protein (Srinivasan et al.  2004  ) . Also a 
reduction of eNOS activity of the same magnitude as that seen in cultured BAECs 
has been veri fi ed in the aorta of STZ-treated rats (Du et al.  2001  ) . 

 In the present study the level of NO, measured as NO 
2
  − , was found to be reduced 

in the aorta and but increased in the heart. This differing trend is in agreement with 
the results of a study demonstrating that in diabetes there is a decreased expression 
of eNOS with a concomitant increase in the expression of cardiac iNOS and nitro-
tyrosine production as the disease progresses (Nagareddy et al.  2005  ) . The dramatic 
attenuation of these changes by INS not only suggests a role for hyperglycemia in 
endothelial dysfunction but also for the hormone itself on NO release (Scherrer 
et al.  1994  )  and on the expression of eNOS gene (Kuboki et al.  2000  )  and eNOS 
protein and mRNA (Fisslthaler et al.  2003 ; Kobayashi and Kamata  2001  )  in endothe-
lial cells and microvessels, but without involving direct activation of eNOS 
(Fisslthaler et al.  2003  ) . TAU and TTAU were also highly and equally effective in 
preserving NO production, more in the aorta than in the heart, in spite of being less 
potent than INS. These  fi ndings are in agreement with those from an earlier study 
showing that chronically administered TAU can increase the secretion of NO 

2
  −  

(Nakaya et al.  2000  )  and restore aortic relaxation impaired by CHOL feeding to 
STZ-treated mice (Kamata et al.  1996  ) . Furthermore, TAU may also protect against 
endothelial dysfunction and macrovascular disease by reducing the levels of plasma 
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CHOL since its chronic administration to STZ-treated mice led to a reversal of the 
attenuation of endothelium-dependent relaxation observed when the circulating 
levels of CHOL and LDL were elevated (Kamata et al.  1996  ) . Moreover, taking into 
account the inability of INS to lower the plasma CHOL and TG levels, the effects of 
TAU on NO and on plasma lipids must occur independently of its hypoglycemic 
action. At the clinical level, supplementation of young male patients with type 1 
diabetes mellitus and statistically signi fi cant abnormalities of conduit vessel func-
tion with oral TAU (500 mg/day for 2 weeks) was able to normalize endothelial 
function (Moloney et al.  2010  ) . Further proof of the bene fi cial impact of TAU on 
vascular function has come from a study in which young smokers without a history 
of hyperlipidemia, a family history of premature vascular disease, or any systemic 
disease predisposing them to endothelial dysfunction, but with demonstrable 
impaired endothelial-dependent vasodilation were returned to normal function by 
an oral daily supplementation with TAU (1.5 g/day/5 days) (Fennessy et al.  2003  ) . 
In the same study, evidenced of upregulation of eNOS expression was obtained 
in vitro by culturing endothelial cells with monocytes taken from TAU-treated 
impaired smokers but not with monocytes from untreated smokers. 

 Diabetes is associated with changes in plasma lipids and lipoproteins pointing in 
the atherogenic direction. In this regard, the present study found TTAU to reduce the 
plasma CHOL and TG to the same extents as TAU in spite of demonstrating a 
greater effect on the plasma GLC and INS. In terms of the plasma TG levels, how-
ever, the attenuating action of TTAU was much less than that of TAU. In this regard, 
the hypolipidemic actions of TAU have been extensively demonstrated in experi-
mental animals. For example, feeding normolipidemic rats a high CHOL diet 
supplemented with TAU for 5 weeks was found to signi fi cantly lower the plasma 
levels of total CHOL, LDL-CHOL and TG and hepatic CHOL and TG in rats fed a 
high CHOL diet and to lower the plasma TG and elevate hepatic free fatty acids in 
rats fed a CHOL free diet (Park and Lee  1998  ) . The lowering effect of TAU on 
CHOL was ascribed to a stimulatory action on hepatic cholesterol 7- a -hydroxylase 
(CYP7A1), the enzyme that converts CHOL to bile acids for fecal excretion 
(Murakami et al.  1999 ; Yokogoshi et al.  1999  ) . TAU has demonstrated the same 
stimulatory effect in rats and guinea pigs maintained on a normal diet (Militante and 
Lombardini  2004  ) . Furthermore, inhibition of intestinal cholesterol absorption 
through inhibition of the intestinal activity of acyl CoA:cholesterol acyltransferase 
activity may represent an additional mechanism for the anticholesterolemic action 
of TAU (Murakami et al.  1996  ) . The potential bene fi ts of TAU in preventing or 
attenuating macrovascular derangements has also been investigated in young obese 
or overweight nondiabetic adult patients. A supplementation with TAU produced a 
signi fi cant reduction of the serum TG, atherogenic index, and body weight when 
compared to individuals not receiving TAU (Zhang et al.  2004  ) . In addition, mice 
consuming a high CHOL diet along with TAU as part of the drinking water showed 
signi fi cantly less serum LDL and VLDL CHOL, more serum HDL CHOL, and less 
accumulation of arterial lipids at the end of 6 months (Murakami et al.  2000  ) . 

 Adhesion molecules have been associated with cardiovascular diseases. Various 
studies have demonstrated the potential role of adhesion molecules as initiating fac-
tors of diabetic vasculopathy and atherogenesis by promoting the recruitment of cir-
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culating monocytes, neutrophils and T-lymphocytes at vascular walls (Peschel and 
Niebauer  2003 ; Urso et al.  2010 ). Elevated levels of circulating adhesion molecules 
have been reported for diabetic patients, possibly as a result of hypertriglyceridemia 
and hyperglycemia (Ceriello et al.  2004  ) . Acute and chronic hypertriglyceridemia 
can upregulate the levels of adhesion molecules by activating endothelial cells 
(Peschel and Niebauer  2003  ) . An accelerating in fl uence of hyperglycemia in the 
development of atherosclerosis in diabetes has been based on the results of an experi-
ment in which human aortic endothelial cells exposed to a high GLC concentrations 
for several hours to days exhibited increased binding by monocytes (Kim et al.  1994  )  
and increased expression of adhesion molecule mRNA (Kado et al.  2001  ) . 
Furthermore, endothelial cells exposed to sera taken from diabetic subjects exhibited 
a greater expression of adhesion molecules than when exposed to sera from nondia-
betics due to a content of component(s), capable of inducing adhesion molecule 
expression independently of hyperglycemia (Rasmussen et al.  2002  ) . Since the 
expression of proatherogenic adhesion molecules on endothelial cells appears to be 
sensitive to the action of antioxidant agents (Sampson et al.  2002  ) , compounds like 
TAU and TTAU could be of bene fi t in lowering the expression of adhesion molecule 
owing to their hypoglycemic, hypotriglyceridemic and antioxidant properties. Indeed, 
TAU has been found to down regulate the hyperglycemia-induced expression of 
adhesion molecules and to counteract oxidized LDL-mediated apoptosis in human 
umbilical cord venous endothelial cells (Ulrich-Merzenich et al.  2007  ) . 

 In diabetic patients an inverse relationship between the circulating levels of GLC 
and glycated hemoglobin and the levels of GSH in erythrocytes and the plasma has 
been established (Jain and McVie  1994  ) . High GLC levels are known to reduce the 
intracellular GSH content and the uptake of the GSH precursor  l -cysteine in cul-
tured vascular smooth muscle cells, and to reduce GSH in the aorta of STZ-treated 
rats, an effect that has been related to impaired redox cycling of GSH (Tachi et al. 
 2001  ) . Additional mechanisms that have been invoke to account for the reduction of 
GSH in diabetes have been its increased oxidation, decreased synthesis and increased 
degradation (Furfaro et al.  2012  ) . A role for hyperglycemia and for ROS in these 
reductions was inferred from the normalizing effect that a treatment of diabetic rats 
with INS had on aortic GSH levels; and from the addition of N-acetylcysteine to 
isolated ventricular cardiac myocytes cultured with GLC (Fiordaliso et al.  2004  ) . 
Furthermore, supplementation of type 2 diabetics with vitamin E resulted in a 
signi fi cant reduction of LPO, based on MDA formation, and in higher serum (Nweke 
et al.  2009  )  and erythrocyte GSH levels (Jain et al.  2000  )  relative to diabetics not 
receiving the vitamin. In diabetes a reduction in GSH is accompanied by an increase 
in GSSG and a reduction of the redox state, changes that limit the protection of 
endothelial and cardiac cells from oxidative injuries, cell signaling disturbances and 
apoptosis (Yang et al.  2006  ) . In the present study, INS exerted a normalizing effect 
on GSH depletion and GSSG accumulation in the aorta and heart and, hence, on the 
redox status. When taken together, these results point to a drastic reduction in GLC-
driven oxidative stress observed in STZ-treated animals. A similar correlation was 
con fi rmed for both TTAU and TAU which, like INS, also reduced the changes in 
GSH and GSSG to a signi fi cant, although lesser, extent. While both compounds 
were more effective in the heart than in the aorta, the effects of the former were, in 
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both instances, greater than those of the latter. There is also at least one report 
indicating that the feeding of TAU, as a 5% diet supplement, to STZ-diabetic rats 
for 3-weeks after the induction of diabetes was able to ameliorate LPO and changes 
in GSSG/GSH but without affecting the GSH content in the precataractous lens 
(Obrosova and Stevens  1999  ) . 

 Hyperglycemia increases the formation of free radicals and other ROS that can 
impair INS-dependent signaling pathways, damage the pancreas, and impair the 
vascular endothelium. To counteract the harmful effects of free radicals, cells are 
equipped with an integrated group of antioxidant enzyme for the detoxi fi cation or 
degradation of these free radicals (Hisalkar et al.  2012 ). From a comparison of the 
enzyme activity values reported by different laboratories for different human popula-
tions, animal models of diabetes, duration and severity of the diabetic process, speci-
mens analyzed, and extent of the INS de fi ciency, among others, it is apparent that 
they vary rather widely and even contradict one another (Szaleczky et al.  1999  ) . On 
the other hand, decreases in the activity of CAT, SOD and GPx like those observed 
here have also been documented for sera from subjects with type 2 diabetes (Hisalkar 
et al.  2012 ; Pan et al.  2010 ) and STZ-treated rats (Coskun et al.  2005  ) . Differences in 
sensitivity to different oxidants (Wijeratne et al.  2005  )  and in adaptive response to 
pro-oxidants (Likidlilid et al.  2010  )  in the diabetic state are some of the reasons that 
have been invoked to account for the different trends of the antioxidant enzyme activities 
observed in diabetes. As shown for the GSH levels, INS reversed the decreases in 
enzyme activities in the aorta and heart to values approximating those derived from 
nondiabetic rats. Both TAU and TTAU were also able to signi fi cantly attenuate the 
losses of activity for the three antioxidant enzymes in both the aorta and heart, with 
the extent of the effect being inversely proportional to the severity of the oxidative 
stress, and with TAU showing an insigni fi cantly greater potency than TAU. 

 In conclusion, the present results suggest a protective action for both TAU and 
TTAU on the body weight loss, hyperglycemia, hyperinsulinemia, hyperlipidemia, 
and aortic and cardiac oxidative stress fostered by a diabetogen like STZ in rats. The 
substitution of the sulfonic acid group of TAU by the thiosulfonic acid present in 
TTAU is found to enhance the protective actions of TAU to a signi fi cant extent 
except for an effect on the body weight gain. Hyperglycemia appears to play a major 
role in the aforementioned variables since INS was able to return them to values 
comparable to those of normal rats. Further studies on the actions of TTAU on other 
parameters of endothelial and cardiac dysfunction are warranted.      
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  Abstract   Taking into account the proven effectiveness of antioxidants in preventing 
experimentally induced diabetes in laboratory animals, this study was carried out 
with the speci fi c purpose of comparing the effectiveness of two known antioxidants, 
the  b -aminosulfonate taurine (TAU) and  b -aminothiosulfonate thiotaurine (TTAU), 
in preventing biochemical, functional and histological alterations indicative of 
 diabetic nephropathy. In the study, streptozotocin (60 mg/kg, orally) was used to 
induce type 2 diabetes mellitus in Sprague-Dawley rats. Starting on day 15 and 
continuing up to day 56, the rats received a daily single 2.4 mmol/kg oral dose of a 
sulfur-containing compound (TAU or TTAU) or 4 U/kg subcutaneous dose of iso-
phane insulin (INS). Rats not receiving any treatment served as controls. After 
obtaining a 24 h urine sample, the animals were sacri fi ced by decapitation on day 
57, and their blood and kidneys immediately collected. Diabetic rats exhibited 
marked hyperglycemia, hypoinsulinemia, hypoproteinemia, hyponatremia, hyper-
kalemia, azotemia, hypercreatinemia, increased plasma TGF  b  

1
 , lipid peroxidation, 

plasma and kidney nitrite, and urine output; decreased glutathione redox status in 
plasma and kidney, decreased urine Na +  and K + , proteinuria and hypocreatinuria. 
Without exceptions, all the treatment compounds were found to markedly and vari-
ously attenuate these changes. Con fi rmation of protection by INS, TAU and TTAU 
was provided by the results of histological examination of kidney sections and 
which showed a more normal appearance than sections from diabetic animals. In 
most instances protection by TTAU was about equal to that by INS but greater than 
that by TAU.  
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  Abbreviations  

  TAU    Taurine   
  TTAU    Thiotaurine   
  STZ    Streptozotocin   
  GLC    Glucose   
  INS    Insulin   
  HbA 

1c
     Glycosylated hemoglobin   

  TGF- b 1    Transforming growth factor- b 1   
  BUN    Blood urea nitrogen   
  CRN    Creatinine   
  K +     Potassium   
  Na +     Sodium   
  TP    Total protein   
  MDA    Malondialdehyde   
  GSH    Reduced glutathione   
  GSSG    Glutathione disul fi de         

    29.1   Introduction 

 Diabetic nephropathy is a microvascular complication seen in individuals affected 
with type 1 and type 2 of diabetes and whose occurrence is associated with increased 
morbidity and mortality (   Flyvbjerg  2000 ; Flyvbjerg et al.  2002  ) . Typical functional 
manifestations of this leading cause of end-stage renal failure are a progressive and 
persistent proteinuria, elevated blood and intraglomerular pressure, and progressive 
decline in glomerular  fi ltration rate and creatinine clearance (Björck et al.  1986 ; 
Mathiesen et al.  1991 ;    Rossing et al.  2002a,   b  ) . In addition, there are morphological 
alterations such as glomerular hypertrophy, basement membrane thickening, mesan-
gial expansion, tubular atrophy, interstitial  fi brosis, and arteriolar thickening 
(Kashihara et al.  2010  ) . 

 Diabetic nephropathy is the result of complex interactions between hemody-
namic and metabolic factors (Arya et al.  2010 , Rossing et al.  2002a,   b  ) , with a 
genetic predisposition also having a contributory role (Adler  2004  ) . Hemodynamic 
factors underlining the development of diabetic nephropathy include increased 
systemic and intraglomerular pressure and the activation of the renin-angiotensin 
system (RAS), imbalances in the secretion of endothelial vasoactive factors 
(endothelin-1, nitric oxide, prostacyclin, urotensin II) (Arya et al.  2010  ) , and of 
certain growth factors (epidermal growth factor, growth hormone, insulin-like 
growth factors, transforming growth factor  b , vascular endothelial growth factor) 
(Flyvbjerg  2000  ) . Some of the metabolic factors are hyperglycemia-induced 
excessive formation of advanced glycosylated end products (AGEs), excessive depo-
sition of extracellular matrix (ECM) proteins in tubular epithelial and glomerular 
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mesangial cells, enhanced mesangial and tubular epithelial oxidative stress (Arya 
et al.  2010 ; Mathiesen et al.  1991  ) , and decreased renal bioavailability of nitric 
oxide (Prabhakar et al.  2007  ) . 

 Along with hyperlipidemia and hypertension, hyperglycemia is regarded as a 
major determinant of the initiation and progression of diabetic nephropathy since it 
can create a state of oxidative stress, both by increasing the formation of reactive 
oxygen species (ROS) and by lowering the activity of antioxidant enzymes through 
nonenzymatic glycation (Balakumar et al.  2008 ; Catherwood et al.  2002  ) . Several 
macromolecules and pathways have been implicated in hyperglycemia-related 
increased generation of ROS, including NAD(P)H oxidase, AGEs, enhanced polyol 
pathway activity and arachidonic acid metabolism, uncoupled nitric oxide synthase 
(NOS) and mitochondrial respiratory chain (Obrosova,  2005  ) . Overproduction of 
ROS can, in turn, modulate the activity of protein kinase C (PKC) and mitogen-
activated protein kinases (MAPKs) and mobilize various cytokines and transcrip-
tion factors, changes that can eventually increase the expression of ECM genes with 
progression to  fi brosis and end stage renal disease (Ha and Kim,  1999 ,    Ha and Lee, 
 2000 ; Kashihara et al.  2010  ) . Furthermore, activation of RAS further worsens the 
renal injury induced by ROS in diabetic nephropathy (Kashihara et al.  2010  ) . 

 In both cultured cell preparations (Derlacz et al.  2007 ; Tada et al.  1997 ; Trachtman 
et al.  1994  )  and animal models of diabetes (Craven et al.  1997 ; Koya et al.  2003 ; 
Naito et al.  2004 ; Simşek et al.  2005 ; Winiarska et al.  2008  ) , antioxidant agents 
representing a wide range of chemical classes and of pharmacological actions have 
demonstrated potential for ameliorating oxidative stress and, hence, renal cell injury 
and loss of renal function. One of the antioxidants most widely examined as a pre-
ventive measure against diabetic nephropathy has been taurine (TAU). For example, 
consumption of this sulfur-containing compound (in the drinking water) by rats 
made diabetic with streptozotocin (STZ) was found to reduce renal oxidant injury 
by decreasing lipid peroxidation (LPO), the accumulation of AGEs (Trachtman 
et al.  1995  ) , increases in glomerular TGF- b 1 and expression of  fi bronectin mRNA 
(Ha et al.  1999  ) , and the activity of PKC isoforms (Ha et al.  2001  )  in renal tissue. 
Additional protective actions by TAU against diabetic nephropathy have included a 
suppressive effect on early renal injury due to lectin-like oxidized low density lipo-
protein-1-mediated expression of cell adhesion molecule-1 in the renal cortex (Wang 
et al.  2008  ) , on the activity of the polyol pathway (Jiang,  2002  ) , and on the produc-
tion of proin fl ammatory cytokines and activity of Na + -K + -ATPAse (Das and Sil, 
 2012  ) . A study with renal tubular epithelial cells has suggested that TAU can also 
protect against high glucose-induced hypertrophic growth and the production of 
 fi bronectin and type IV collagen in renal tissue through an attenuation of the activity 
of stress-sensitive mitogenic signaling pathways (Huang et al.  2007  ) . 

 A previous study from this laboratory determined that a sulfonate compound 
like TAU (2-aminoethanesulfonic acid) was able to provide equal or even greater 
protection in the rat liver against injury, lipid peroxidation (LPO) and changes in 
the cellular redox state than hypotaurine (HYTAU) (Acharya and Lau-Cam, 
 2010  )  even though this 2-aminosul fi nate analog had been previously found 
in vitro to bind to ROS more readily and to a greater extent than TAU 
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(Aruoma et al.  1988 ; Green et al.  1991  ) , in all probability because of its facile oxida-
tion to TAU (Fellman et al.  1987 ; Green et al.  1991  ) . Because of the apparent impor-
tance of the sulfur- functionality in the antioxidant and cytoprotective activities of 
sulfur-containing 2-aminoethane derivatives, this study was conducted in diabetic 
rats to assess the impact of replacing the sulfonate group of TAU by a thiosulfonate 
functionality on the protective actions of TAU against diabetes-induced biochemi-
cal, functional, and morphological changes. To this end, the renoprotection by TAU 
was compared with that by thiotaurine (TTAU) in a rat model of diabetes.  

    29.2   Methods 

    29.2.1   Animals 

 Male Sprague-Dawley rats, 225–250 g, acclimated for 1 week in a room maintained 
at a constant humidity and temperature (23 ± 1°C) and a normal 12 h light–12 h dark 
cycle room. The rats had free access to a commercial rodent diet (LabDiet ®  5001, 
PMI Nutrition International, Brentwood, MO) and  fi ltered tap water. The study was 
approved by the Institutional Animal Care and Use Committee of St. John’s 
University, Jamaica, NY, and the animals were cared in accordance with guidelines 
established by the United States Department of Agriculture.  

    29.2.2   Treatments and Samples 

 All the experimental groups consisted of six rats. Diabetes was induced with a 
single 60 mg/kg intraperitoneal (i.p.) dose of streptozotocin in citrate buffer pH 
4.5. Starting on day 15 and continuing for the next 41 days, separate groups 
received a 2.4 mmol/kg, dose of either taurine (TAU) or thiotaurine (TTAU) in 
distilled water by oral gavage. Normal (control) rats received citrate buffer pH 4.5 
(2 mL, i.p.) on day 1, and physiological saline (2 mL) by oral gavage from day 15 
onwards. For comparison purposes, an additional diabetic group received a daily 
subcutaneous dose of isophane insulin (INS) suspension (Humulin N ® ) from day 15 
onwards. A diabetic group received no additional treatment other than STZ. All 
treatments were continued for a period of 42 days. On day 56, the animals were 
placed in individual metabolic cages to collect a 24-h urine sample; and on day 57, 
the animals were sacri fi ced by decapitation to collect blood and kidney samples. 
A portion of the blood sample, mixed with sodium heparin, was processed for the 
plasma fraction. The kidneys were removed by the freeze-clamp technique of 
   Wollenberger et al. ( 1960 ) and divided into two portions. One portion was homog-
enized with Tris buffer pH 7 containing 1 mg of phenylmethylsulfonyl  fl uoride 
(1:20 ratio, w/v) over ice, and the resulting suspension was centrifuged at 8,000× g  
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and 4°C for 30 min, to obtain a supernatant suitable for biochemical assays. The 
other portion was immediately  fi xed in10% phosphate buffered (pH 7) formalin 
and reserved for histological work.  

    29.2.3   Plasma Glucose (GLC) 

 The GLC content was measured using a commercially available colorimetric kit 
(Procedure No. 510 from Sigma-Aldrich, St. Louis, MO). The results were expressed 
in mg/dL.  

    29.2.4   Plasma Insulin (INS) 

 The concentration of INS in plasma was measured by means of a commercial assay 
kit (Insulin ELISA kit, Calbiotech Inc. Spring Valley, CA). The results were 
expressed in  m IU/mL.  

    29.2.5   Blood Glycated Hemoglobin (HbA 
1c

 ) 

 The concentration of blood HbA 
1c

  was measured using a commercial optimized ion-
exchange resin procedure (Glycohemoglobin Test, Stanbio Laboratory, Boerne, 
TX). The results were expressed as a percentage of the total hemoglobin content.  

    29.2.6   Plasma Transforming Growth Factor- b 1 (TGF- b 1) 

 The plasma level of TGF- b 1 was measured using a commercially available ELISA 
kit (Invitrogen™ TGF- b 1 Multispecies ELISA kit, Life Technologies, Grand Island, 
NY). The results were expressed in pg/mL.  

    29.2.7   Blood Urea Nitrogen (BUN) 

 The BUN level was measured using a commercially available enzymatic-endpoint 
assay kit based on the Berthelot method (Nitrogen (BUN) Test, Stanbio Laboratory, 
Boerne, TX). The results were expressed in mg/dL.  
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    29.2.8   Plasma and Urine Creatinine (CRN) 

 The contents of plasma and urine CRN were measured with a commercially 
available colorimetric assay kit (Kinetic Creatinine LiquiColor ®  Test, Stanbio 
Laboratory, Boerne, TX). The results were expressed in mg/dL.  

    29.2.9   Plasma and Urine Total Protein (TP) 

 The contents of plasma and urine TP were measured with a colorimetric assay kit 
based on the Biuret reaction (Protein, Total LiquiColor ®  Test, Stanbio Laboratory, 
Boerne, TX). The results were expressed in g/dL.  

    29.2.10   Plasma and Urine Sodium (Na + ) 

 The concentrations of Na +  in the plasma and urine were measured colorimetrically 
with a commercially available assay kit based on reaction with a reagent containing 
uranyl acetate-zinc acetate (Sodium Test, Stanbio Laboratory, Boerne, TX). The 
results were expressed in mmol/L.  

    29.2.11   Plasma and Urine Potassium (K + ) 

 The concentrations of K +  in the plasma and urine were measured by a turbidimetric 
assay method after reaction with alkaline sodium tetraphenylboron (Potassium Test, 
Stanbio Laboratory, Boerne, TX). The results were expressed in mmol/L.  

    29.2.12   Plasma and Kidney MDA 

 The concentration of MDA in plasma and kidney was measured as thiobarbituric 
acid reactive substances (TBARS) by the end point assay method of Buege and Aust 
 (  1978  ) . The results were expressed in nmol/mL of plasma or nmol/g of tissue.  

    29.2.13   Plasma and Kidney GSH and GSSG 

 Both the kidney homogenate and plasma levels of GSH and GSSG were measured 
 fl uorometrically by the method of Hissin and Hilf  (  1976  ) , which is based on the 
reaction of GSH with ortho-phtaldehdye (OPT) at pH 8 and of GSSG with OPT at 
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pH 12. Prior to the measurement of GSSG, any interfering GSH is complexed with 
N-ethylmaleimide according to the method of Guntherberg and Rost  (  1966  )  to pre-
vent its interfering effect on the measurement of GSSG. The concentrations of GSH 
and GSSG were expressed as  m mol/mL of plasma or  m mol/g of tissue.  

    29.2.14   Plasma and Kidney NO 

 NO was measured as the more stable product nitrite with the Griess reagent as 
described by Doerr et al.  (  1981  ) . At an acid pH, nitrite converts to nitrous acid for 
reaction with sulfanilamide to form a diazonium salt. Reaction of the diazonium salt 
with naphthylenediamine dihydrochloride present in Griess reagent yields a purple 
azo compound amenable to colorimetric measurement at 540 nm. The results were 
expressed as nmol/mL plasma or nmol/g of tissue.  

    29.2.15   Histological Analysis 

 Buffered formalin- fi xed kidney tissue samples were embedded in paraf fi n, sectioned 
into 5  m m slices, and stained with hematoxylin and eosin (H&E) stain.  

    29.2.16   Statistic analysis 

 Experimental results are presented as mean ± SEM for  n  = 6. Statistical comparisons 
with normal rats and with untreated diabetic rats were made by one-way analysis of 
variance (ANOVA) and Neuman-Keuls post-hoc test. Differences were statistically 
signi fi cant when  p   £  0.05.   

    29.3   Results 

 Table  29.1  summarizes the effects of a 6-week treatment with INS, TAU, or TTAU 
on body weight gains when given at 2 weeks after the induction of diabetes with 
STZ. Relative to initial values, body weight gains at the end of 56 days amounted to 
97% in normal rats, 35% in diabetic rats, and 87% in rats on INS. On the other hand, 
body weight gains for rats on TAU was 65% and for those on TTAU 56%.  

 Table  29.2  summarizes the effects of a 6-week treatment with INS, TAU, or 
TTAU on the plasma GLC, plasma INS, and blood HbA 

1c
  levels of diabetic rats 

measured on day 56 of the study. While diabetic rats showed a 4-fold increase in 
plasma GLC relative to the normal value, increases for rats on INS, TAU, and TTAU 
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   Table 29.1    Body weight gains at the end of 56 days   

 Group  Initial body weight, g  Final body weight, g 

 Control  225.83 ± 2.39  428 ± 5.58 +++  
 STZ  235.83 ± 3.96  319.17 ± 9.61** 
 TAU  233.33 ± 6.15  419.17 ± 8.21 +++  
 STZ + TAU  235.00 ± 5.63  394.17 ± 3.74 ++  
 TTAU  224.17 ± 5.54  418.23 ± 10.22 +++  
 STZ + TTAU  229.17 ± 6.25  358.33 ± 7.92* ,+  
 STZ + INS  225.23 ± 8.89  421.67 ± 10.3 +++  

  Values represent mean ± SEM ( n  = 6).  STZ  streptozotocin,  TAU  Taurine,  TTAU  thiotau-
rine,  INS  insulin. Comparisons were signi fi cantly different from Control at * p  < 0.05 
and ** p  < 0.01 and from STZ at  +  p  < 0.05,  ++  p  < 0.01, and  +++  p  < 0.001  

   Table 29.2    Effect of TAU, TTAU, and INS on the circulating levels of GLC, INS, and HbA 
1c

  
of diabetic rats   

 Group  GLC, mg/dL  INS,  m IU/mL  HbA 
1c

 , % 

 Control  103.58 ± 5.05 +++   44.08 ± 2.46 +++   6.89 ± 0.11 +++  
 STZ  428.07 ± 21.73***  10.58 ± 1.33***  21.14 ± 1.19*** 
 TAU  112.25 ± 3.62 +++   40.62 ± 1.58 +++   6.89 ± 0.33 +++  
 STZ + TAU  333.27 ± 6.60*** , ++   20.94 ± 0.83 +++   10.96 ± 0.96*** , +++  
 TTAU  104.27 ± 2.83 +++   41.26 ± 0.99*** , +++   6.79 ± 0.33 +++  
 STZ + TTAU  265.08 ± 35.11** , +++   24.55 ± 2.50*** , +++   10.98 ± 0.56*** , +++  
 STZ + INS  127.15 ± 10.71* , +++   53.46 ± 6.97 +++   10.46 ± 0.41*** , +++  

  Values represent mean ± SEM ( n  = 6).  STZ  streptozotocin,  TAU  taurine,  TTAU  thiotaurine,  INS  
insulin. Comparisons were signi fi cantly different from Control at * p  < 0.05, ** p  < 0.01 and 
*** p  < 0.01, and from STZ at  ++  p  < 0.01 and  +++  p  < 0.001  

were only 1.2-fold, 3.2-fold, and 2.6-fold, respectively. Similarly, the plasma INS 
was decreased by 76% in diabetic rats, was 21% above normal in the INS-treated 
group, and 52% and 44% below control in the TAU- and TTAU-treated rats, respec-
tively. The plasma HbA

1c
 was found to be >200% above normal in diabetic rats, a 

value that was reduced to 51% by INS or to 59% by either TAU or TTAU (All at 
 p  < 0.001 vs. control).  

 Figure  29.1  shows the plasma changes in TGF- b 1 levels as a result of STZ-
induced diabetes. Whereas the untreated diabetic rats showed a marked (~12-fold, 
 p  < 0.001) increase in TGF- b 1, in those receiving either TAU (~3.9-fold increase, 
 p  < 0.001) or TTAU (4-fold increase,  p  < 0.001) the changes were less obvious. In con-
trast, animal on INS showed a value that was only 1.3-fold above the control value.  

 Figures  29.2     – 29.6  summarize the changes in nonenzymatic indices of oxidative 
stress measured both in the plasma and kidney. Diabetes elevated the plasma MDA 
levels by 44% ( p  < 0.01), an effect that was virtually abolished by INS and TTAU 
( £ 3% increase) and markedly reduced by TAU (only 13% increase) (Fig.  29.2 ). The 
changes in kidney MDA levels correlated closely with those observed in the plasma, 
namely a 42% increase in diabetic rats ( p  < 0.01), and only  £ 4% above control with 
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  Fig. 29.1    Effects of TAU, TTAU, and INS on the plasma TGF- b 1 levels of diabetic rats.  STZ  
streptozotocin,  TAU  taurine,  TTAU  thiotaurine,  INS  insulin. Comparisons were signi fi cantly differ-
ent from Control at *** p  < 0.01; and from STZ at  +++  p  < 0.001. Values are shown as mean ± SEM 
for  n  = 6       

all the treatment compounds (Fig.  29.2 ). Diabetes elevated the plasma nitrite by 
~4.4-fold ( p  < 0.001) but lowered the kidney nitrite by 74% ( p  < 0.001) of control 
values (Fig.  29.3 ). All the treatment compounds effectively counteracted these 
changes both in the plasma and kidney, with INS (+10%) appearing more effective 
than TAU (+27%,  p  < 0.01) and TTAU (+20%,  p  < 0.05) in the plasma, and TTAU 
(+12%) marginally better than TAU and INS ( £ 1%) in the kidney (Fig.  29.3 ). Based 
on the corresponding GSH (Fig.  29.4 ) and GSSG (Fig.  29.5 ) levels, diabetes was 
found to lower the GSH/GSSG ratios in the plasma and kidney by 75% and 52%, 
respectively (both at  p  < 0.001) (Fig.  29.6 ). These changes were effectively attenu-
ated by all the treatment compounds, with TAU and TTAU appearing about equipo-
tent and more effective than INS both in the plasma (<10% decrease vs. 34% 
decrease, respectively,  p  < 0.05) and kidney (~25% increase vs. 3% decrease, respec-
tively,  p  < 0.05) (Fig.  29.6 ).      

 The experimental values for urine output/day, plasma and urine creatinine, and 
plasma urea nitrogen are presented in Figs.  29.7 ,  29.8 , and  29.9  respectively. While 
diabetes enhanced the urinary output by ~3.7-fold, neither TAU (3.9-fold) nor TTAU 
(~3.6-fold) were able to reduce this value as much as INS (1.7-fold) (Fig.  29.7 ). In 
diabetic rats, the creatinine and nitrogen urea levels were drastically increased in the 
plasma (by >300%,  p  < 0.001, and by 63%,  p  < 0.001, respectively) and drastically 
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decreased in the urine (by ~75%,  p  < 0.001, and 63%,  p  < 0.001, respectively). These 
changes were signi fi cantly attenuated by all the treatment compounds, with the val-
ues varying within a narrow range in the plasma (−65% after INS, −55% after TTAU, 
−58% after TAU, all at  p  < 0.001 vs. control) and within 15% of one another in the 
urine (−43%,  p  < 0.01, after INS, −128%,  p  < 0.001, after TAU, −144% after TTAU, 
all at  p  < 0.001 vs. control) (Fig.  29.8 ). In parallel with the changes in plasma creati-
nine, that of the urea nitrogen was also markedly increased (+63%,  p  < 0.001) by 
diabetes. Treatments with either INS or TTAU abolished this increase, and one with 
TAU markedly reduced the elevation (only 17% increase,  p  < 0.05) (Fig.  29.9 ).    

 As shown in Fig.  29.10 , diabetes promoted the loss of TP from the plasma (−53%, 
 p  < 0.001) into the urine (+111%,  p  < 0.001). These changes were effectively coun-
teracted by a treatment with INS (−28%,  p  < 0.01 and −14%, respectively), TAU 
(−24%,  p  < 0.05 and +6%, respectively) and TTAU (−31%,  p  < 0.01 and −19%, 
 p  < 0.05, respectively).  

 The experimental values for plasma and urine Na +  and K +  levels are presented in 
Table  29.3 . Diabetes promoted the retention of Na +  in the plasma (up by 35%, 
 p  < 0.01) and lowered the urinary excretion of Na +  (by 43%,  p  < 0.01). All the treat-
ment compounds were able to attenuate the elevation of the plasma Na +  (only 
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  Fig. 29.2    Effects of TAU, TTAU, and INS on the plasma and kidney MDA levels of diabetic rats. 
 STZ  streptozotocin,  TAU  taurine,  TTAU  thiotaurine,  INS  insulin. Comparisons were signi fi cantly 
different from Control at *** p  < 0.001; and from STZ at  ++  p  < 0.01 and  +++  p  < 0.001. Values are 
shown as mean ± SEM for  n  = 6       
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11–16% above control) and to normalize the urinary output of this electrolyte. On 
the other hand, changes in K +  levels followed the trends observed for Na+, namely 
an increase (by 60%,  p  < 0.001) in the plasma and a decrease (by 33%,  p  < 0.01) in 
the urine.A treatment with INS, TAU or TAU returned the plasma and urine values 
for K +  to within normal values, with the potency differences among the three treat-
ments being rather narrow.  

 Figures  29.11a–e  are representative photomicrographs of H&E-stained kidney 
sections showing the effects of the various treatment agents on the morphological 
and structural changes caused by STZ-induced diabetes. As seen in Fig.  29.11a , the 
kidney of a nondiabetic rat displayed well-de fi ned and normal glomeruli, basement 
membrane, and renal tubules. In contrast, the kidney section of a diabetic rat shown 
in Fig.  29.11b  was characterized by tubular necrosis, thickened glomerular base-
ment membrane, mesangial matrix expansion, extensive vacuolization, and reduced 
islet size and cell population. Figures  29.11c–e  are sections taken from rats treated 
with INS, TAU, and TTAU, respectively. While the section taken from an INS-
treated rat was virtually similar in appearance to that of a normal rat, those from rats 
receiving either TAU or TTAU showed minimal morphological and architectural 
changes in comparison to a kidney section from a diabetic rat, especially after a 
treatment with TTAU.   
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  Fig. 29.3    Effects of TAU, TTAU, and INS on the plasma and kidney NO levels of diabetic rats. 
 STZ  streptozotocin,  TAU  taurine,  TTAU  thiotaurine,  INS  insulin. Comparisons were signi fi cantly 
different from Control at * p  < 0.05 and *** p  < 0.001; and from STZ at  ++  p  < 0.01 and  +++  p  < 0.001. 
Values are shown as mean ± SEM for  n  = 6       
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    29.4   Discussion 

 TAU is a ubiquitous nonprotein  b -aminosulfonic acid possessing intrinsic biologi-
cal properties that make this compound an attractive candidate for use as a protec-
tive agent against diabetic nephropathy. For example, it is found to lower blood 
GLC in the absence of an effect on INS secretion (Brøns et al.  2004 ; Kaplan et al. 
 2004 ; Kulakowski and Maturo,  1984  ) , to increase cell sensitivity to INS and pan-
creatic  b -cells response to hyperglycemia (Ribeiro et al.  2009  ) , to attenuate oxida-
tive stress and accompanying INS resistance (Haber et al.  2003  ) , to inhibit protein 
glycosylation and formation of AGEs based on its reactivity towards carbonyl 
compounds (Hansen,  2001 ; Nandhini et al.  2004  ) . In the particular case of diabetic 
nephropathy, TAU was shown to lower hyperglycemia-stimulated secretion of 
proin fl ammatory cytokines and to increase NO formation and endothelial NO syn-
thase expression (Das and Sil,  2012  ) , to suppress the activation of high GLC-
sensitive signaling cascades like MAPK, signal transducer and activator of 
transcription 1 and 3 in renal tissue (Das and Sil,  2012 ; Huang et al.  2007  ) , and the 
induction of a potential source of ROS such as cytochrome P450 2E1 (Yao et al. 
 2009  ) . Additional studies have veri fi ed the ability of TAU to reduce renal tubular 
hypertrophy induced by AGEs (Huang et al.  2008  ) , albuminuria, (Jiang,  2002  ) ; 
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  Fig. 29.4    Effects of TAU, TTAU, and INS on the plasma and kidney GSH levels of diabetic rats. 
 STZ  streptozotocin,  TAU  taurine,  TTAU  thiotaurine,  INS  insulin. Comparisons were signi fi cantly 
different from Control at * p  < 0.05, ** p  < 0.01 and *** p  < 0.001; and from STZ at  ++  p  < 0.01 and 
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glomerulonephritis, tubulointerstitial  fi brosis (Trachtman et al.  1995  ) , renal 
 glomerular TGF- b 1 expression (Higo et al.  2008  ) , LPO and mesangial cell colla-
gen production (Trachtman et al.  1993,   1994  ) , and tubular apoptosis (Verzola et al. 
 2002  )  in the face of high GLC and ROS concentrations. 

 Hyperglycemia is a major determinant of diabetic nephropathy since it is capable 
of increasing the production of ROS either directly through GLC metabolism and 
autoxidation or indirectly through the formation of AGEs (Huang et al.  2008  ) . 
Moreover, ROS are found to cause mesangial expansion by upregulating TGF- b 1, 
plasminogen activator-1 and ECM genes and proteins in glomerular mesangial cells, 
and to activate signaling transduction cascades (PKC, MAPKs, Janus kinase 2) and 
signal transducers and activators of transcription factors (nuclear factor- k B, acti-
vated protein-1, and speci fi city protein 1) (Huang et al.  2007 ; Lee et al.  2003  ) . In 
spite of the voluminous literature supporting an antioxidant role for TAU in diabetes 
and other metabolic disorders, the exact mechanism by which this compound acts 
as an antioxidant is still open to question. Indeed, in vitro evaluation of the rate of 
interaction of TAU with biologically important ROS, including hydroxyl radical, 
superoxide anion radical and hydrogen peroxide, appears not to be rapid enough to 
be protective in vivo (Aruoma et al.  1988  ) . However, TAU is found to inhibit LPO, 
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  Fig. 29.5    Effects of TAU, TTAU, and INS on the plasma and kidney GSSG levels of diabetic rats. 
 STZ  streptozotocin,  TAU  taurine,  TTAU  thiotaurine,  INS  insulin. Comparisons were signi fi cantly 
different from Control at ** p  < 0.01 and *** p  < 0.001; and from STZ at  ++  p  < 0.01 and  +++  p  < 0.001. 
Values are shown as mean ± SEM for  n  = 6       
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to increase the intracellular redox state under conditions of oxidative state (Obrosova 
and Stevens,  1999 ; Yao et al.  2009  )  and to attenuate oxidative damage by decreasing 
carbonyl group production (Franconi et al.  2004  ) . A recent proposal, based on the 
observation that in diabetes a decline in intracellular TAU concentration is associ-
ated with increased generation of oxidant species and accumulation of reactive car-
bonyl and AGES, has raised the possibility that low TAU levels might also contribute 
to oxidant-mediated cellular injury (Franconi et al.  2004 ; Schaffer et al.  2009  ) . At 
normal levels, TAU might conjugate to tRNA bind to promote the expression of 
mitochondrial protein components of the electron transport chain which may 
become de fi cient if TAU is limiting. As a result, the electrons  fl ow to generate ATP 
will not become diverted to oxygen to generate mitochondrial superoxide anion 
radical (Schaffer et al.  2009  ) . Alternatively, TAU could be exerting an antioxidant 
action in vivo by maintaining the patency of intracellular nonenzymatic (Obrosova 
and Stevens,  1999  )  and enzymatic (Balkan et al.  2001  )  antioxidant defenses and by 
helping to modulate the levels of metabolites stimulating relevant metabolic and 
signaling pathways (Franconi et al.  2004 ; Hansen,  2001 ; Jiang,  2002  ) . 

 TTAU is a sulfane sulfur compound of common occurrence among bacterial 
endosymbionts with deep-sea vent and seep marine invertebrates, where it may 
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  Fig. 29.6    Effects of TAU, TTAU, and INS on the plasma and kidney GSH/GSSG ratio of diabetic 
rats.  STZ  streptozotocin,  TAU  taurine,  TTAU  thiotaurine,  INS  insulin. Comparisons were 
signi fi cantly different from Control at ** p  < 0.01 and *** p  < 0.001; and from STZ at  +++  p  < 0.001. 
Values are shown as mean ± SEM for  n  = 6       
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arise from the interaction of sul fi de and HYTAU (Pruski and Fiala-Médioni,  2003 ; 
Yancey et al.  2009  ) . In these organisms TTAU may function in sul fi de detoxi fi cation 
by serving as a form of sul fi de storage compounds or as a sul fi de transport  compound 
between symbiont and host (Joyner et al.  2003 , Pruski and Fiala-Médioni,  2003  ) , it 
may participate in sulfur cycling to provide sul fi de to invertebrate mitochondria and 
symbiont sul fi de oxidation pathways (Joyner et al.  2003  ) , and it may contribute to 
the maintenance of the intracellular osmotic pressure (Yancey,  2005  ) . In vertebrates, 
TTAU has been detected in rat urine following the oral administration of sulfur-
containing compounds such as  l -cystamine (Cavallini et al.  1959  )  and  l -cystine 
(Cavallini et al.  1960  ) . Reports on the biological actions of this compound are 
scanty, with some describing a protective antioxidant action in the skin (Katsumata 
et al.  1997 ;    Yoshiyuki and Yoshiki,  2000 ), in skin sebum (Kono,  1998  )  and in iso-
lated human skin  fi broblasts (Egawa et al.  1999  ) ; a hypoglycemic and hypotrig-
lyceridemic effect in alloxan-treated diabetic rats (Katsumata et al.  1997  ) ; and a 
superoxide-dismutase like activity (Katsumata et al.  1997  ) . 

 This study  fi nds that treating diabetic rats with TAU allowed them to attain body 
weights that at the end of 8 weeks were about 30% and 10%, respectively, greater 
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  Fig. 29.7    Effects of TAU, TTAU, and INS on the output of diabetic rats.  STZ  streptozotocin,  TAU  
taurine,  TTAU  thiotaurine,  INS  insulin. Comparisons were signi fi cantly different from Control 
at * p  < 0.05 and *** p  < 0.001; and from STZ at  +++  p  < 0.001. Values are shown as mean ± SEM 
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than those of untreated diabetic and TTAU-treated rats, but 32% and 22% lower, 
respectively, than those of normal and INS-treated rats. The lack of a signi fi cant 
difference between diabetic rats treated and nontreated with TAU reported by Li 
et al.  (  2004  )  could be accounted for by the lower dose of STZ (45 mg/kg) and the 
mode of TAU administration (as a diet supplementation) used by these authors. 
Similarly, while Li et al.  (  2004  )  found no signi fi cance difference in plasma GLU 
between TAU-treated and TAU-untreated diabetic rat, in the present case both TAU 
and TTAU were able to lower it, with TTAU (−38%,  p  < 0.01) appearing more potent 
than TAU (−22%,  p  < 0.05). The same trend existed in terms of the plasma INS, 
which was higher than diabetic values by 24% and 34%, respectively, after treat-
ments with TAU and TTAU. 

 Chronic hyperglycemia results in a nonenzymatic glycation of proteins like 
hemoglobin (HbA) to form HbA 

1c
 , the levels of which re fl ect the status of blood 

glucose in the preceding 2–3 months (Zheng et al.  2012  )  and strongly correlate with 
mean plasma GLC levels at fasting and over postprandial periods in type 1 and type 
2 diabetes (Monnier and Colette,  2008  ) . A good correlation also seems to exist 
between the circulating levels of HbA 

1c
  and the  incidence of diabetic nephropathy 
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  Fig. 29.8    Effects of TAU, TTAU, and INS on the plasma and urine CRN of diabetic rats.  STZ  
streptozotocin,  TAU  taurine,  TTAU  thiotaurine,  INS  insulin. Comparisons were signi fi cantly differ-
ent from Control at * p  < 0.05, ** p  < 0.01, and *** p  < 0.001; and from STZ at  +++  p  < 0.001. Values 
are shown as mean ± SEM for  n  = 6       
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among type 1 diabetics with associated risk factors (Fares et al.  2010  ) . Antioxidants 
like  N -acetylcysteine (NAC), oxerutin and TAU, are known to lower the HbA 

1c
  lev-

els of diabetic rats (Odetti et al.  2003  ) . In this study, the administration of INS, TAU 
or TTAU to STZ-treated rats was found to reduce markedly the plasma HbA 

1c
  to 

values that were slightly lower with INS (51% reduction) than with either TAU or 
TTAU (59% reduction with both) through hypoglycemic and antioxidant 
mechanisms. 

 In rats made chronically diabetic with STZ, there is an increase in urine volume 
output and variable changes in the urine levels of Na +  and K + , with one study report-
ing a substantial increase (Hebden et al.  1986  )  and another a slight decrease (Vaishya 
et al.  2009  )  of both electrolytes. In this work, diabetes drastically enhanced the 
urine output and reduced the urine excretion of Na +  and K +  to a signi fi cant extent 
( £ 33%,  p  < 0.01). Conversely, diabetes promoted the retention of these electrolytes 
in the plasma. In contrast, a treatment with INS, TAU or TTAU had a normalizing 
effect on both the urinary and plasma electrolytes values. 

 It is known that moderate hyperglycemia without glucosuria can increase plasma 
renin activity and mean arterial pressure in young healthy males with early 
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     Fig. 29.9    Effects of TAU, TTAU, and INS on the BUN levels of diabetic rats.  STZ  streptozotocin, 
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  Fig. 29.10    Effects of TAU, TTAU, and INS on the plasma and kidney TP of diabetic rats.  STZ  
streptozotocin,  TAU  taurine,  TTAU  thiotaurine,  INS  insulin. Comparisons were signi fi cantly differ-
ent from Control at * p  < 0.05 and ** p  < 0.01 and *** p  < 0.001; and from STZ at  +++  p  < 0.001. Values 
are shown as mean ± SEM for  n  = 6       

   Table 29.3    Effect of TAU, TTAU, and INS on the plasma and urine levels of Na +  and K +  of 
diabetic rats   

 Group 
 Plasma Na +  
(mmol/L) 

 Urine Na +  
(mmol/L) 

 Plasma K +  
(mmol/L) 

 Urine K+

(mmol/L) 

 Control  144.45 ± 6.43 ++   119.23 ± 3.39 +++   10.02 ± 0.41 +++   51.95 ± 0.49 +++  
 STZ  194.83 ± 1.05***  68.34 ± 2.92***  16.01 ± 0.45***  34.61 ± 1.14*** 
 TAU  153.19 ± 4.30 ++   121.09 ± 2.89 +++   9.34 ± 0.51 +++   49.17 ± 0.81 +++  
 STZ + TAU  159.81 ± 2.46* , ++   94.70 ± 2.23** , ++   8.02 ± 0.44* , +++   53.26 ± 1.71 +++  
 TTAU  140.07 ± 3.41 ++   110.23 ± 3.02 +++   7.72 ± 0.81 +++   51.20 ± 0.25 +++  
 STZ + TTAU  166.55 ± 6.59* , +   118.39 ± 6.08***, +++    8.89 ± 0.55 +++   48.21 ± 2.17 ++  
 STZ + INS  167.10 ± 2.37* , +   117.81 ± 14.12 +++   10.42 ± 0.35 +++   50.00 ± 3.67 +++  

  Values represent mean ± SEM ( n  = 6).  STZ  streptozotocin,  TAU  taurine,  TTAU  thiotaurine,  INS  
insulin. Comparisons were signi fi cantly different from Control at * p  < 0.05, ** p  < 0.01 and 
*** p  < 0.001, and from STZ at  +  p  < 0.05,  ++  p  < 0.01 and  +++  p  < 0.001  
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  Fig. 29.11    Representative photomicrographs of rat kidney sections stained with H&E from: 
( a ) control (nondiabetic) rat, ( b ) rat treated with STZ, ( c ) rat treated with STZ + INS, ( d ) rat treated 
with STZ + TAU, ( e ) rat treated with STZ + TTAU       

 uncomplicated type 1 diabetes mellitus, and mild to moderate hyperglycemia can 
affect renal function by increasing the RAS activity in diabetic humans (Miller, 
 1999  ) . Indeed, activation of the RAS is found to increase arterial blood pressure and 
albuminuria and to negatively affect kidney function (Rossing et al.  2002a,   b  ) . 
Indeed, STZ-induced diabetes promoted the retention of CRN and urea in the 
plasma with a corresponding decrease in the urine. In this context, while INS TAU 
and TTAU were able to provide a signi fi cant attenuating action, INS was the most 
potent and TAU and TTAU were about equipotent. Furthermore, these compounds 
were able to attenuate the loss of plasma proteins in the urine as a result of diabetes 
signi fi cantly ( p   £  0.01) and to similar extents. 

 



390 K.G. Pandya et al.

 The characteristic lesions of diabetic nephropathy may be closely related to 
the effects of hyperglycemia on various growth factors, among which TGF- b 1 
has emerged as a key participant in the cascade of events leading to nephro-
sclerosis. In the early phase of clinical or experimental diabetes, ROS formed 
under the in fl uence of high ambient glucose, upregulate the formation of 
TGF- b 1 in the kidney to promote glomerular hypertrophy and the accumula-
tion of ECM proteins in mesangial glomerular cells (Goldfarb and Ziyadeh, 
 2001  ) , in part due to defective extracellular protease activity (Reckelhoff et al. 
 1993  ) . In the chronic phase, the disease progresses to glomerular mesangial 
expansion and basement membrane thickening. The close relationship between 
LPO and expression of TGF- b 1 was con fi rmed by observing their parallel 
reduction upon the treatment of diabetic rats with antioxidants like TAU, 
Trolox and NAC (   Higo et al.  2008 ; Lee et al.  2005  ) . In agreement with these 
results, this study veri fi ed that in addition to drastically decreasing then plasma 
levels of TGF- b 1, INS (by 90%), TAU or TTAU (~68% reduction with both) 
were also able to attenuate LPO, proteinuria, hypercreatininemia and azotemia, 
and to contribute to the extensive preservation of the normal renal histology in 
STZ-treated rats. As suggested by Higo et al. ( 2008 ), compounds based on the 
TAU structure could be of value in slowing down the progression of diabetic 
nephropathy since the onset of their effect on the expression of TGF- b 1 
appears to start at a time when proteinuria has already set in. In this context, 
TTAU was somewhat better than TAU. 

 In view of the relevance of oxidative stress to the development of diabetes neph-
ropathy and to the extent of the ensuing kidney damage and proteinuria, the plasma 
and kidney levels of MDA, an end product of LPO, the plasma NO, and the plasma 
and kidney GSH/GSSG ratio were measured. Diabetes was found to enhance the 
formation of MDA, NO and GSSG, to deplete GSH and to lower the GSH/GSSG 
ratio. Although all the treatment compounds markedly reduced these changes their 
potencies varied somewhat with each parameter. For example, TAU and INS were 
about equipotent and slightly more potent than TTAU in preventing LPO, INS and 
TTAU were better than TAU in reducing NO levels, and TTAU and TAU were more 
effective than INS in preserving the GSH/GSSG ratio.  

    29.5   Conclusion 

 This work demonstrates the protective actions of TAU against biochemical, func-
tional alterations arising in the kidney as a result of STZ-induced diabetes. In addi-
tion, it veri fi es the protective actions of TTAU, the thiosulfonate analog of TAU, 
which were qualitatively and quantitatively rather similar to those of the parent 
compound. In general, however, TTAU demonstrated stronger protective effects 
than TAU in spite of exerting a weaker promoting effect on the body weight gains 
of the diabetic rats.      
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  Abstract   In obesity and diabetes, adipocytes show signi fi cant endoplasmic reticulum 
(ER) stress. Hyperglycemia-induced ER stress has not been studied in adipocyte 
differentiation and adipokine expression. Taurine has been known to protect the 
cells against ER stress. This study examined the effect of taurine on ER stress-in-
duced adipocyte differentiation and adipokine expression to explain the therapeutic 
effect of taurine on diabetes and obesity. To do this, human preadipocytes were 
differentiated into adipocytes, in the presence or absence of taurine, under ER stress 
conditions. Human preadipocytes were treated with thapsigargin (10 nM) or high 
glucose concentrations (100 mM) as ER stress inducers during differentiation into 
adipocytes. Thapsigargin inhibited the differentiation of adipocytes in a dose-de-
pendent manner, but the high glucose concentration treatment did not. Taurine 
100 mM treatment did not block the inhibition of differentiation of preadipcytes 
into adipocytes. Furthermore, the high glucose concentration treatment inhibited 
the expression of adiponectin and increased the expression of leptin in human adi-
pocytes. However, taurine treatment did not affect the expression of two adipokines. 
In conclusion, the therapeutic mechanism of taurine in diabetes and obesity does not 
appear to occur by alleviating hyperglycemia-mediated ER stress. To clarify the 
molecular mechanism by which taurine improves diabetic symptoms and obesity in 
animal models, the protective effect of taurine against hyperglycemia- or overnu-
trition-mediated ER stress should be further evaluated under various conditions or 
types of ER stress.  
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  Abbreviations  

  ER    Endoplasmic reticulum   
  TG    Thapsigargin   
  T2DM    Type 2 diabetes mellitus   
  TUDCA    Tauroursodeoxycholic acid   
  NAC     N -Acethylcysteine         

    30.1   Introduction 

 Obesity is a well-known risk factor for the development of type 2 diabetes mellitus 
(T2DM). T2DM is a multifactorial chronic metabolic disease characterized by hyper-
glycemia (Kahn et al.  2006  ) . A relatively new player in the diabetes mellitus (DM) 
 fi eld is endoplasmic reticulum (ER) stress (Cnop et al.  2010  ) . The ER is where the 
synthesis, assembly, and/or modi fi cation of transmembrane and secreted proteins 
occur. Importantly, obesity impairs the proper functioning of the ER in fat and other 
cell types (Ozcan et al.  2004  ) . ER stress and/or ER stress-induced apoptosis are 
increasingly acknowledged as important mechanisms in the development of DM, not 
only for  b -cell loss but also for the development of insulin resistance. Recently, the 
importance of ER stress has been noted in adipocytes in obesity because ER stress 
affects the expression of adipokines in adipocytes (Xu et al.  2010  ) . Adipokines, par-
ticularly adiponectin and leptin, contribute to the maintenance of whole-body glucose 
homeostasis by modulating gluconeogenesis in the liver (Daval et al.  2006  ) . Meanwhile, 
ER stress can be induced by hyperlipidemia and hyperglycemia (Alhusaini et al. 
 2010  ) . Recent studies showed that ER stress induces the downregulation of adiponec-
tin, leptin, and resistin, but increases the expression of IL-6 in adipocytes (Xu et al. 
 2010  ) . Furthermore, ER stress inhibits the differentiation of preadipocytes into adipo-
cytes during adipogenesis (Shimada et al.  2007 ; Zha and Zhou  2012  ) . 

 Taurine (2-aminoethylsulphonic acid) is a non-protein amino acid present in 
almost all animal tissues, and is abundantly present as a free intracellular amino acid 
in human cells (Kim et al.  2007  ) . Due to its unique chemical structure, taurine is 
involved in numerous biological and physiological functions that confer important 
health bene fi ts. Thus, taurine is a cytoprotective agent in a variety of tissues. It also 
modulates a variety of cellular functions, including antioxidation, modulation of ion 
movement, osmoregulation, modulation of neurotransmitters, and conjugation of 
bile acids (Lourenco and Camilo  2002  ) . Taurine supplementation improved diabetic 
symptoms in diabetic animal models and showed anti-obesity effects in animal 
models (Ito et al.  2012  ) . In addition, taurine had a protective effect in PC 12 cells 
against ER stress induced by oxidative stress and in cortical neurons against ER 
stress induced by glutamate (Pan et al.  2011  ) . It also reduced ER stress in 
 Caenorhabditis elegans  (Kim et al.  2010  ) . In this study, to explain the therapeutic 
effect of taurine on diabetes and obesity as an ER stress reducer, we investigated 
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whether taurine blocks ER stress-mediated inhibition of adipogenesis and whether 
it reverses the change in adiponectin and leptin expression in human adipocytes 
under hyperglycemia-mediated ER stress.  

    30.2   Methods 

    30.2.1   Preadipocyte Cell Culture and Differentiation 
into Adipocytes 

 Human preadipocytes were purchased from Cell Applications (San Diego, CA, 
USA) and maintained in the Preadipocyte Growth Medium Kit (Cell Applications). 
Preadipocytes were seeded into 6-well plates (1.5 × 10 5  cells/well in 2 ml of medium) 
or 60-mm dishes (2.5 × 10 5  cells/60-mm dish in 2 ml of medium) and cultured until 
con fl uent. For differentiation, the culture medium was changed to Adipocyte 
Differentiation Medium (Cell Applications) and cells were cultured for 2 weeks, 
with changes in the medium every 2 days, and grown in the presence or absence of 
taurine at different concentrations under ER stress conditions induced by thapsi-
gargin (TG) or high glucose concentration.  

    30.2.2   Oil Red O Staining 

 Lipid accumulation was examined with Oil red O staining (Ramirez-Zacarias et al. 
 1992  ) . Cultured cells were rinsed twice with phosphate-buffered saline (PBS) and 
 fi xed in 10% (v/v) formaldehyde for 1 h. After the formaldehyde was removed, the 
cells were rinsed three times with deionized water and stained with a saturated solu-
tion of Oil red O in 60% isopropanol solution for 2 h at room temperature. 
Microscopic images (Olympus, Tokyo, Japan) of the stained cells were obtained 
after removing the staining solution. Finally, the dye retained in the cells was eluted 
with isopropanol and quanti fi ed by measuring the optical absorbance at 500 nm.  

    30.2.3   Enzyme-Linked Immunosorbent Assay (ELISA) 

 The differentiated adipocytes (2.5 × 10 5  cells/60-mm dish in 2 ml medium) were 
further cultured in serum-free medium in the absence and presence of tauroursode-
oxycholic acid (TUDCA), taurine, or  N -acethylcysteine (NAC) under hyperglycemia-
induced ER stress. The culture supernatants were collected after 7 days in culture. 
The supernatants were collected and analyzed for adiponectin and leptin with an 
ELISA kit (R&D Systems Inc., Minneapolis, MN, USA).  
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    30.2.4   Statistical Analysis 

 The in vitro experimental data are expressed as the mean ± standard error of the mean 
(SEM) of quadruplicate samples. Differences between groups were compared with the 
Mann–Whitney test. Prism software 4 (Graphpad Software, San Diego, CA) was used 
for statistical analysis and graphing. Differences were considered signi fi cant at 
 P  < 0.05.   

    30.3   Results 

    30.3.1   Effect of ER Stress on the Differentiation of Human 
Preadipocytes to Adipocytes 

 To study the physiological effects of ER stress on human adipocyte differentiation, 
preadipocytes were cultured under differentiation conditions for 14 days in the 
presence or absence of the ER stress inducers TG or high glucose concentration. 
As shown in Fig.  30.1a , the preadipocytes differentiated into adipocytes (adipogen-
esis) in the absence of TG, whereas differentiation was inhibited by TG in a dose-
dependent manner. However, high glucose concentration did not inhibit adipogenesis 
(data not shown). Meanwhile, the differentiated adipocytes showed intracellular 
lipid accumulation. The accumulated lipid droplets were examined by oil red 
O staining. In accordance with the degree of differentiation, the degree of oil red O 
staining was dose-dependently decreased by TG (Fig.  30.1b ). To test whether tau-
rine could reverse the TG-mediated inhibition of adipogenesis, taurine was added to 
the culture medium at concentrations up to 100 mM. The inhibition of adipogenesis 
was not blocked by taurine (data not shown). In contrast, high concentrations of 
glucose (100 mM) added to the culture media to mimic hyperglycemia-induced ER 
stress did not inhibit adipocyte differentiation (data not shown).   

    30.3.2   Effect of TUDCA, Taurine, or NAC on ER Stress-Mediated 
Change of Adiponectin and Leptin Production in 
Differentiated Human Adipocytes 

 To examine whether hyperglycemia-induced ER stress modulates the expression of 
adipokines in adipocytes, glucose was added to fully-differentiated adipocytes at 
concentrations ranging from 0 to 40 mM and cultured for 7 days. After 7 days, the 
culture supernatants were assayed for the expression of adiponectin and leptin. The 
supernatant from differentiated adipocytes had greatly increased levels of adiponectin 
and leptin compared with the preadipocytes. Glucose treatment for 7 days 
signi fi cantly decreased the production of adiponectin by differentiated human 
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adipocytes, but leptin production was signi fi cantly increased in a dose-dependent 
manner (Fig.  30.2a ). Next, to determine if the ER stress reducer, TUDCA can block 
the change in adipokine production in adipocytes, TUDCA was added to adipocytes 
under hyperglycemia-induced ER stress. TUDCA reversed the change in adipokine 
production even at the low concentration of 0.01 mM (Fig.  30.2b ). Next, we tested 
whether taurine and NAC have the same effect as TUDCA on the change in adi-
pokine production in adipocytes under ER stress. Taurine did not modulate the 
change, even at the highest concentration of 100 mM (Fig.  30.3a ). In contrast, NAC 
slightly modulated the change at the concentration of 500 mM (Fig.  30.3b ).     

    30.4   Discussion 

 In this study, we investigated whether taurine could reverse the ER stress-mediated 
inhibition of adipogenesis or if taurine could modulate the expression of adiponec-
tin and leptin in adipocytes under ER stress. The ER stress inducer TG blocked 

  Fig. 30.1    Effect of the ER stress inducer, thapsigargin, on the differentiation of preadipocytes into 
adipocytes. ( a ) Microscopic image of differentiated adipocytes before ( top row ) and after ( bottom 
row ) oil red O staining. ( b ) Optical absorbance at 500 nm of the dye retained in adipocytes. Three 
independent experiments were performed in triplicate. Values are expressed as the mean ± standard 
error of the mean (SEM). * P  < 0.05, ** P  < 0.01 versus no treatment with thapsigargin       

 



  Fig. 30.2    Effect of the ER stress blocker, TUDCA on the modulation of adipokine production in 
adipocytes treated with high glucose concentrations. ( a ) The modulation of adipokines according 
to glucose concentration. ( b ) Recovery of the modulation of adipokines in adipocytes high glucose 
concentration by TUDCA. Values are expressed as the mean ± standard error of the mean (SEM). 
* P  < 0.05, ** P  < 0.01 versus no treatment with glucose or TUDCA       

  Fig. 30.3    Effect of ( a ) taurine or ( b )  N -acethylcysteine (NAC) on the modulation of adipokine 
production in adipocytes treated with high glucose concentrations. Values are expressed as the 
mean ± standard error of the mean (SEM). * P  < 0.05, ** P  < 0.01 versus no treatment with taurine or 
NAC.  N.D.  No Differentiation       
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adipogenesis, but high concentrations of glucose (100 mM) did not. In contrast, 
high glucose concentrations (40 mM) downregulated the expression of adiponectin, 
but increased leptin expression in differentiated human adipocytes. TUDCA, an ER 
stress reducer, reversed the change in adiponectin and leptin expression under 
hyperglycemia-induced ER stress. However, taurine did not modulate the expres-
sion of these adipokines in this in vitro system. 

 These results differ from those of previous reports in some aspects. First, in 
previous reports the ER stress inducer reduced the expression of adiponectin, 
leptin, and resistin (Xu et al.  2010  ) . However, in our system the ER stress inducer, 
high glucose concentration increased leptin expression and decreased adiponectin 
expression in differentiated human adipocytes. In contrast, the ER stress inducer 
TG did not modulate the expression of either adiponectin or leptin in this system 
(data not shown). Second, TG inhibited the differentiation of preadipocytes into 
adipocytes, but high glucose concentration did not. Inconsistent with our result, 
TG or other types of ER stress inducers like A23187 (calcium ionophore) inhibited 
the adipogenesis process (Shimada et al.  2007  ) . However, a high glucose concen-
tration (100 mM) did not block adipogenesis in this system. Thus, we hypothesize 
that types of ER stress inducers can differentially affect the expression of adipokines 
and the adipogenesis process. In support of this hypothesis, TG decreased extracellular-
superoxide dismutase (EC-SOD) expression, whereas the expression of Cu/
Zn-SOD and Mn-SOD was unchanged. On the other hand, another ER stress 
inducer, tunicamycin did not affect the expression of EC-SOD. Furthermore, TG 
has the ability to activate extracellular-signal regulated kinase (ERK), but tuni-
camycin does not (Kamiya et al.  2011  ) . Furthermore, high glucose concentrations 
amplify fatty acid-induced ER stress in pancreatic  b -cells via activation of mTORC1 
(Bachar et al.  2009  ) . In addition, cells respond differentially to different degrees of 
ER stress (D’Hertog et al.  2010  ) . For example, insulin-producing INS-1E cells 
were exposed in vitro to the ER-stress inducer, cyclopiazonic acid (CPA) at two 
concentrations. CPA 25  m M led to massive apoptosis accompanied by a near complete 
shut-down of protein translation, but CPA 6.25  m M led to adaptation of the  b -cells 
to ER stress. This difference in response may be due to different defense pathways 
against ER stress. 

 Deterioration of ER homeostasis through a variety of biochemical or pathophysi-
ological stimuli can impair protein folding processes in the ER by disrupting protein 
glycosylation, disul fi de bond formation, or the ER calcium pool. These disruptions 
can cause the accumulation of unfolded or misfolded proteins in the ER lumen, a 
condition termed “ER stress”(van der Kallen et al.  2009  )  that can be sensed by three 
ER transmembrane protein sensors; PERK (protein kinase-like ER kinase), IRE1 a  
(insositol-requiring ER-to-nucleus signal kinase 1), and ATF6 a  (activating tran-
scription factor 6). These sensors activate a cellular emergency program to re-establish 
homeostasis called the unfolded protein response (UPR), resulting in attenuation of 
protein translation and transcriptional activation of UPR genes. Another pathway 
termed “ER-associated degradation (ERAD)” is also activated to dispose of 
misfolded proteins. When these two systems are imperfect, terminally misfolded 
proteins can be cleared from the ER by an additional process like autophagy. 
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Inconsistent with other previous studies reporting that taurine protects cells from 
ER stress (Kim et al.  2010 ; Pan et al.  2011  ) , taurine did not reverse the effect of ER 
stress on the inhibition of adipocyte differentiation or the change in adipokine 
expression in adipocytes, whereas TUDCA could reverse these changes in this 
system. This discrepant result on the effects of taurine may be due to the differential 
activation of defense signal pathways induced by ER stress. Therefore, the protec-
tive effect of taurine against ER stress should be evaluated under different degrees 
of ER stress or with different types of ER stress inducers. 

 Meanwhile, deregulated adipokine expression in adipocytes under hyperglycemia-
mediated ER stress is closely linked to diabetes; thus, ER stress induced by 
hyperglycemia may be a therapeutic target in diabetes. In other experiments in our 
lab, taurine supplementation downregulated blood glucose levels in a diabetic ani-
mal model, the OLETF rat (Kim et al.  2012 ). In addition, taurine supplementation 
reduced the serum leptin levels in this animal model, whereas it did not increase 
serum adiponectin levels. We do not understand the molecular mechanisms by 
which taurine improved the diabetic symptoms, but taurine may reduce ER stress 
through the downregulation of blood glucose levels. Thus, leptin levels may be 
decreased by taurine supplementation.  

    30.5   Conclusion 

 Taurine did not reverse the inhibition of adipocyte differentiation and the change 
in adipokine expression in human adipocytes under ER stress, although taurine 
has a protective effect in cells in which ER stress has been induced. Thus, the 
therapeutic mechanism of taurine on diabetes cannot be explained by its ability to 
alleviate hyperglycemia-mediated ER stress. The protective effect of taurine 
against hyperglycemia-mediated ER stress should be further evaluated under 
various degrees of ER stress.      

  Acknowledgments   This research was supported by the Basic Science Research Program through 
the National Research Foundation of Korea (NRF) funded by the Ministry of Education, Science 
and Technology (2012-0002659).  

   References 

    Alhusaini S, McGee K, Schisano B, Harte A, McTernan P, Kumar S, Tripathi G (2010) 
Lipopolysaccharide, high glucose and saturated fatty acids induce endoplasmic reticulum 
stress in cultured primary human adipocytes: salicylate alleviates this stress. Biochem Biophys 
Res Commun 397:472–478  

    Bachar E, Ariav Y, Ketzinel-Gilad M, Cerasi E, Kaiser N, Leibowitz G (2009) Glucose ampli fi es 
fatty acid-induced endoplasmic reticulum stress in pancreatic beta-cells via activation of 
mTORC1. PLoS One 4:e4954  



40330 Taurine May Not Alleviate Hyperglycemia-Mediated Endoplasmic...

    Cnop M, Ladriere L, Igoillo-Esteve M, Moura RF, Cunha DA (2010) Causes and cures for endoplas-
mic reticulum stress in lipotoxic beta-cell dysfunction. Diabetes Obes Metab 12(Suppl 2):76–82  

    D’Hertog W, Maris M, Ferreira GB, Verdrengh E, Lage K, Hansen DA, Cardozo AK, Workman 
CT, Moreau Y, Eizirik DL, Waelkens E, Overbergh L, Mathieu C (2010) Novel insights into the 
global proteome responses of insulin-producing INS-1E cells to different degrees of endoplasmic 
reticulum stress. J Proteome Res 9:5142–5152  

    Daval M, Foufelle F, Ferre P (2006) Functions of AMP-activated protein kinase in adipose tissue. 
J Physiol 574:55–62  

    Ito T, Schaffer SW, Azuma J (2012) The potential usefulness of taurine on diabetes mellitus and its 
complications. Amino Acids 42:1529–1539  

    Kahn SE, Hull RL, Utzschneider KM (2006) Mechanisms linking obesity to insulin resistance and 
type 2 diabetes. Nature 444:840–846  

    Kamiya T, Obara A, Hara H, Inagaki N, Adachi T (2011) ER stress inducer, thapsigargin, decreases 
extracellular-superoxide dismutase through MEK/ERK signalling cascades in COS7 cells. 
Free Radic Res 45:692–698  

    Kim HM, Do CH, Lee DH (2010) Taurine reduces ER stress in C. elegans. J Biomed Sci 17
(Suppl 1):S26  

    Kim KS, Oh DH, Kim JY, Lee BG, You JS, Chang KJ, Chung HJ, Yoo MC, Yang HI, Kang JH, 
Hwang YC, Ahn KJ, Chung HY, Jeong IK (2012) Taurine ameliorates hyperglycemia and 
dyslipidemia by reducing insulin resistance and leptin level in Otsuka Long-Evans Tokushima 
fatty (OLETF) rats with long-term diabetes. Exp Mol Med 44:665–673  

    Kim SJ, Gupta RC, Lee HW (2007) Taurine-diabetes interaction: from involvement to protection. 
Curr Diabetes Rev 3:165–175  

    Lourenco R, Camilo ME (2002) Taurine: a conditionally essential amino acid in humans? An 
overview in health and disease. Nutr Hosp 17:262–270  

    Ozcan U, Cao Q, Yilmaz E, Lee AH, Iwakoshi NN, Ozdelen E, Tuncman G, Gorgun C, Glimcher 
LH, Hotamisligil GS (2004) Endoplasmic reticulum stress links obesity, insulin action, and 
type 2 diabetes. Science 306:457–461  

    Pan C, Prentice H, Price AL, Wu JY (2011) Bene fi cial effect of taurine on hypoxia- and glutamate-
induced endoplasmic reticulum stress pathways in primary neuronal culture. Amino Acids 
43(2):845–855, Epub ahead of print  

    Ramirez-Zacarias JL, Castro-Munozledo F, Kuri-Harcuch W (1992) Quantitation of adipose 
conversion and triglycerides by staining intracytoplasmic lipids with Oil red O. Histochemistry 
97:493–497  

    Shimada T, Hiramatsu N, Okamura M, Hayakawa K, Kasai A, Yao J, Kitamura M (2007) 
Unexpected blockade of adipocyte differentiation by K-7174: implication for endoplasmic 
reticulum stress. Biochem Biophys Res Commun 363:355–360  

    van der Kallen CJ, van Greevenbroek MM, Stehouwer CD, Schalkwijk CG (2009) Endoplasmic 
reticulum stress-induced apoptosis in the development of diabetes: is there a role for adipose 
tissue and liver? Apoptosis 14:1424–1434  

    Xu L, Spinas GA, Niessen M (2010) ER stress in adipocytes inhibits insulin signaling, represses 
lipolysis, and alters the secretion of adipokines without inhibiting glucose transport. Horm 
Metab Res 42:643–651  

    Zha BS, Zhou H (2012) ER stress and lipid metabolism in adipocytes. Biochem Res Int 
2012:312943      



    Part IV 
  Function of Taurine in the 

Cardiovascular System         



407A. El Idrissi and W.J. L’Amoreaux (eds.), Taurine 8, Advances in Experimental 
Medicine and Biology 775, DOI 10.1007/978-1-4614-6130-2_31, 
© Springer Science+Business Media New York 2013

  Abstract   Taurine plays an important role in the modulation of cardiovascular 
function by acting not only within the brain but also within peripheral tissues. We 
found that IV injection of taurine to male rats caused hypotension and tachycardia. 
A single injection of taurine signi fi cantly lowered the systolic, diastolic, and mean 
arterial blood pressure in freely moving Long–Evans control rats. We further con fi rm 
the vasoactive properties of taurine using isolated aortic ring preparations. 
Mechanical responses of circular aortic rings to pharmacological agents were mea-
sured by an isometric force transducer and ampli fi er. We found that bath application 
of taurine to the aortic rings caused vasodilation which was blocked by picrotoxin. 
Interestingly, picrotoxin alone induced a constriction of the aortic ring in the absence 
of exogenously added taurine, suggesting a tonic activation of GABA 

A
  receptors by 

circulating either taurine or GABA. Additionally, we found that the endothelial cells 
express high levels of taurine transporters and GABA 

A
  receptors. We have previ-

ously shown that taurine activates GABA 
A
  receptors and thus we suggest that the 

functional implication of GABA 
A
  receptor activation is the relaxation of the arterial 

muscularis, vasodilation, and a decrease in blood pressure. Interestingly however, 
the effects of acute taurine injection were very different than chronic supplementa-
tion of taurine. When rats were supplemented taurine (0.05%, 4 weeks) in their 
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drinking water, taurine has signi fi cant hypertensive properties. The increase in blood 
pressure was observed however only in females; males supplemented with taurine 
did not show an increase in systolic, diastolic, or mean arterial pressure. In both 
genders however, taurine supplementation caused a signi fi cant tachycardia. Thus, 
we suggest that acute administration of taurine may be bene fi cial to lowering blood 
pressure. However, our data indicate that supplementation of taurine to females 
caused a signi fi cant increase in blood pressure. The effect of taurine supplementa-
tion on hypertensive rats remains to be seen.  

  Abbreviations  

  Epi    Epinephrine   
  GAD    Glutamic acid decarboxylase   
  GABA     g -Aminobutyric acid         

    31.1   Introduction 

  g -Aminobutyric acid (GABA) is one of the major inhibitory neurotransmitters in the 
central nervous system and is also found in many peripheral tissues. GABA has 
been shown to play an important role in the modulation of cardiovascular function 
by acting not only within the central nervous system but also within peripheral tis-
sues. GABA has been reported to reduce blood pressure in experimental animals 
(Takahashi et al.  1955  )  and humans (Elliott and Hobbiger  1959  )  following its sys-
temic or central administration, and it has been suggested that the depressor effect 
induced by systemic administration of GABA is due to the blockade of sympathetic 
ganglia. The blood–brain barrier is impermeable to GABA, and its concentration in 
the brain is not changed following i.v. injection (Roberts, Tsukada, and Gelder). 
Thus, the antihypertensive effects seen following i.p. or i.v. administration of GABA 
are due to its actions within the peripheral tissues presumably, blood vessels, or 
autonomic nervous system. It has been reported that GABA can modulate the vas-
cular tone by suppressing the noradrenaline release in the isolated rabbit ear artery 
and rat kidney (Manzini, Monasterolo, and Fujimura). The effects produced by 
GABA in many kinds of peripheral tissues as well as within the central nervous 
system are mediated by at least two distinct receptor types, GABA 

A
  and GABA 

B
 . It 

has been reported that GABA inhibits sympathetic neurotransmission in the rabbit 
ear artery through the stimulation of a presynaptic of GABA 

B
  receptor subtype 

(Manzini et al.  1985  ) , and that GABA acts on presynaptic GABA 
B
  receptors to sup-

press neurotransmitter release (and thereby attenuate renal vasoconstriction) during 
the activation of the sympathetic nervous supply to the rat kidney (Monasterolo and 
Fujimura). Baclofen, a selective GABA 

B
  receptor agonist, attenuated the perivascular 
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nerve stimulation-induced increase in perfusion pressure and noradrenaline release 
to the same extent as did GABA itself (Bowery  1993  ) . Consistent with this, it has 
been reported that baclofen has hypertensive properties after systemic or intracere-
bro-ventricular administration in rats (Persson and Crambes). Furthermore, these 
inhibitory effects of GABA were completely antagonized by the selective GABA 

B
  

receptor antagonist, saclofen (Bowery  1993  ) , but not by the selective GABA 
A
  recep-

tor antagonist, bicuculline (Curtis and Kwan). These results strongly suggest that 
GABA acts on presynaptic GABA 

B
  receptors to inhibit noradrenaline release, and 

thus the increase in perfusion pressure, induced by perivascular nerve stimulation. 
Because taurine has been shown to act as an agonist for GABA 

A
  receptors (El Idrissi 

et al.  2003  ) , we tested the effects of taurine on cardiovascular function, speci fi cally 
on blood pressure and heart rate. But unlike GABA, taurine crosses the blood–brain 
barrier. Thus the effects of taurine on cardiovascular function could be mediated 
either centrally or peripherally. Based on the results of the present study, we show 
that taurine injection signi fi cantly lowered systemic blood pressure in fully awake 
rats. Using aortic ring preparation, we further con fi rmed that taurine acts as a vaso-
dilator. In the aortic preparations taurine-induced vasorelaxation may be due pri-
marily to the activation of GABA 

A
  receptors expressed on smooth muscle. 

Interestingly however, the chronic supplementation of taurine to rats resulted in 
gender-speci fi c increase in blood pressure. This increase in blood pressure was 
observed only in females; males supplemented with taurine did not show any 
increase in systolic, diastolic, or mean arterial pressure. In both genders however, 
taurine supplementation caused a signi fi cant tachycardia. 

 Taurine is usually described as a free amino acid and does not participate in pro-
tein synthesis. Most animals (but not cats) can synthesize taurine from cysteine in a 
reaction pathway that involves decarboxylation and multiple oxidations of the sulf-
hydryl group (   Huxtable  1992a,   b  ) . However, capacity for endogenous synthesis is 
limited in humans and the majority of body taurine stores are usually derived from 
food sources. The neonatal brain contains high levels of taurine (Huxtable  1989, 
  1992a,   b ; Sturman  1993 ).    As the brain matures its taurine content declines and 
reaches stable adult concentrations that are second to those of glutamate, the princi-
pal excitatory neurotransmitter in the brain. Taurine levels in the brain signi fi cantly 
increase under stressful conditions (Wu et al.  1998  ) , suggesting that taurine may 
play a vital role in neuroprotection. A possible mechanism of taurine’s neuroprotec-
tion lies in its calcium modulatory effects. We have shown that taurine modulates 
both cytoplasmic and intra-mitochondrial calcium homeostasis. (El Idrissi and 
Trenkner  1999 ,  2004a,   b  ) . Furthermore, taurine acts as an agonist of GABA 

A
  recep-

tors (Quinn and Harris  1995 ; Wang et al.  1998 ; del Olmo et al.  2000 ; Mellor et al. 
 2000 ; El Idrissi et al.  2003 ; El Idrissi and Trenkner  2004a,   b  ) . The effect of taurine 
on excitable tissues has been well studied with the exception of smooth muscle cells 
where not much attention has been devoted. Ristori and Verdetti have shown that 
perfusion of aortic rings from rats with taurine perfusion (1–10 mM) reduced basal 
tone and had a relaxant effect on rings preconstricted with KC1 or norepinephrine 
(Ristori and Verdetti  1991  ) . This effect was not mediated by endothelium or by 
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muscarinic or adrenoreceptors, and thus probably represented a direct effect of tau-
rine on vascular smooth muscle cells. Although the mechanism of vasorelaxation 
mediated by taurine was not elucidated, taurine may be minimizing [Ca 2+ ] 

i
  by 

enhancing the activity of calcium-transporting enzymes. Consistent with this, tau-
rine has been shown to stimulate Ca-ATPase and Na/Ca-antiport in cardiac sarco-
lemma. In cardiac myocytes, taurine inhibits the rise in [Ca 2+ ] 

i
  induced by beta 

adrenergic receptor stimulation (Failli et al.  1992  ) . Clearly, more work is required 
to de fi ne the impact of taurine on calcium transport mechanisms in vascular smooth 
muscle; however, the net effect of these actions appears to be a reduction of [Ca 2+ ] 

i
 . 

The calcium modulatory role of taurine has been well established (El Idrissi and 
Trenkner  1999 ; El Idrissi and Trenkner  2004a,   b ). In this study, we found that 
the effect of taurine on blood pressure was dependent on the duration of treatment. 
Acute taurine injection induced hypotension whereas chronic supplementation 
proved hypertensive but interestingly, only in females. Several clinical studies indi-
cate that chronic oral administration of taurine reduces elevated blood pressures 
(Meldrum et al.  1994  ) . Therefore, it seems that the effects of taurine on blood pres-
sure are not only gender speci fi c but also depend on the level of blood pressure prior 
to taurine supplementation. Thus, the  fi ndings of this study cast some light on the 
ability of dietary taurine to regulate blood pressure. The bene fi t of dietary supple-
mentation may depend on the model examined (Failli et al.  1992 ; Nara et al.  1978 ; 
Nakagawa et al.  1994 ; Meldrum et al.  1994  ) .  

    31.2   Methods 

    31.2.1   Animals 

 All rats used in this study were 2- to 3-month-old Long–Evans. All rats were housed 
in groups of three in a pathogen-free room maintained on a 12-h light/dark cycle 
and given food and water ad libitum. All procedures were approved by the 
Institutional Animal Care and Use Committee of the College of Staten Island/
CUNY, and were in conformity with National Institutes of Health Guidelines. The 
number of rats suf fi cient to provide statistically reliable results was used in these 
studies.  

    31.2.2   Immunohistochemistry 

 Cryosections of thoracic aorta were placed onto gelatin-subbed slides. Nonspeci fi c 
binding sites were blocked using 4% bovine serum albumin (BSA), 2% normal goat 
serum (NGS), and 0.05% Triton X-100 in 0.01 M phosphate-buffered saline 
(pH 7.2). Following the blocking step, the slides were rinsed in an antibody dilution 
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cocktail (ABD) consisting of 2% BSA and 1% NGS in 0.01 M PBS. Primary anti-
bodies (Chemicon International) employed were directed against  b  subunit of the 
GABA 

A
  receptors (mouse host) and taurine transporter (rabbit host) and diluted 

1:500 in ABD. For these studies, the mouse anti-GABA 
A
  receptors were paired with 

rabbit taurine transporter. The primary antibodies were incubated overnight at 40°C 
and then unbound antibodies rinsed with ABD. Secondary antibodies were all raised 
in goat and directed against appropriate primary antibody type. The anti-mouse IgG 
was conjugated to Alexa Fluor 488 (Invitrogen/Molecular probes) and the anti-rabbit 
IgG was conjugated to Cy5 (Jackson Immunological). Images were obtained by 
confocal microscopy (Leica SP2 AOBS). To determine relative changes in protein 
expression, the gain and offset were identical for all comparisons. Images were 
reconstructed from Z stack using Leica software (Fig.  31.9a ) or Imaris x64 software 
(Fig.  31.9b ).  

    31.2.3   Blood Pressure Measurements 

 For indirect blood pressure and heart rate readings, the rats were placed in a cham-
ber at 37°C for 10 min, and then transferred to a standard setup with heating pad and 
acrylic restrainer, tail cuff, and pulse sensor (CODA monitor, Kent Scienti fi c, 
Torrington, CT). The tail cuff was connected to a blood pressure monitor that 
through an arrangement of inlet and outlet valves permitted in fl ation and de fl ation 
of the cuff at a constant rate. The tail cuff pressure was continuously recorded with 
a solid-state pressure sensor (Kent Scienti fi c). The signals from the pulse and pres-
sure sensors were conveniently ampli fi ed and then digitized with an analog–digital 
board directly on the blood pressure monitor. For each indirect BP determination 
the in fl ation and de fl ation readings were always recorded, as well as the compres-
sion interval. The indirect measurements were all performed by the same person, 
who was kept blind about the purpose of the study. The animals quickly became 
familiar with the procedure and remained calm within the restrainer. In the rare 
cases when signs of discomfort were present the procedure was interrupted and the 
animal was disquali fi ed from the study.  

    31.2.4   Ex Vivo Measurements of Vascular Response 

 Long–Evans rats (250–350 g) were anesthetized with intraperitoneal injection of 
50 mg/kg pentobarbitol. After opening the chest, descending aorta was removed 
and immediately placed in a Petri dish containing ice-cold physiological Krebs 
solution (in mM: 119.9 NaCl, 6 KCl, 15.6 NaHCO 

3
 , 1.2 MgCl 

2
 ·6H 

2
 O, 11.7 glu-

cose, 2.5 CaCl 
2
 , 2H 

2
 O, pH 7.4). Rats were killed by an overdose of anesthetic. 

The peri-aortic  fi broadipose tissue was carefully removed with  fi ne  microdissecting 
forceps and iridectomy scissors paying special attention not to damage the aortic 
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wall. The thoracic aorta was then cut into rings (3 mm in length) with the help of 
a paper ruler placed under the Petri dish. After dissection, the rings were cali-
brated at room temperature for 45 min in aerated (95% O 

2
 /5% CO 

2
 ) Krebs solu-

tion. Each of the rings was suspended horizontally in the same organ chamber 
(volume 4 ml) between two stainless steel hooks. One of the hooks was  fi xed to 
the chamber wall whereas the other was attached to an isometric force transducer 
(Re fi ned Myograph Systems, Kent Scienti fi c, Torrington, CT). The rings were 
continuously superfused with prewarmed (37°C), aerated (95% O 

2
 /5% CO 

2
 ) 

Krebs solution. The rings were initially stretched until resting tension reached 2 g 
and allowed to equilibrate for 15 min. During this period the resting tension was 
continuously monitored and, if needed, readjusted to 2 g by further stretching. All 
subsequent measurements represent force generated above this baseline. 
Mechanical responses to pharmacological stimulation of circular preparations 
were measured by means of an isometric force transducer (Re fi ned Myograph 
Systems, Kent Scienti fi c, Torrington, CT) and ampli fi er (PowerLab, 
ADinstruments, Colorado Springs, CO) and were visualized using a graphic 
recorder (ADInstruments LabChart 7, Colorado Springs, CO). Data was sampled 
at 100 kHz and band-pass  fi ltered between 0.3 Hz and 3 kHz.  

    31.2.5   Statistical Analysis 

 Statistical signi fi cance was determined by Student’s  t -test. Each value was expressed 
as the mean ±SEM. Differences were considered statistically signi fi cant when the 
calculated P value was less than 0.05.   

    31.3   Results 

    31.3.1   Taurine Supplementation Increases Systemic 
Blood Pressure 

 To investigate the effects of taurine on the regulation of hemodynamics and periph-
eral resistance, we supplemented taurine (0.05%) to rats in their drinking water for 
4 weeks and monitored their blood pressure. We found that the effects of taurine on 
blood pressure were gender speci fi c. While the blood pressure of adult male rats was 
not affected by taurine supplementation (Fig.  31.1 ), females on the other hand showed 
a signi fi cant increase in systolic, diastolic, and mean arterial pressure (Fig.  31.2 ).    
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  Fig. 31.1    Blood pressure measurements from male rats supplemented with taurine (0.05%) for 
4 weeks. Taurine induced a slight but not signi fi cant decrease in systolic (SBP), diastolic (DBP), 
and mean arterial pressure (MAP). Rats were 2 months old and 15 rats were used for this 
experiment       
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  Fig. 31.2    Blood pressure measurements from female rats supplemented with taurine (0.05%) for 
4 weeks. Taurine induced a signi fi cant ( p  < 0.01) increase in systolic (SBP), diastolic (DBP), and 
mean arterial pressure (MAP). Rats were 2 months old and 15 rats were used for this experiment       
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    31.3.2   Taurine Effects on Cardiac Function 

 While the effects of taurine on peripheral resistance were gender speci fi c with only 
females being affected, the effect of taurine supplementation on cardiac function 
was observed in both males and females. In response to 4 weeks of taurine supple-
mentation, rats of both gender showed a drastic increase in heart rate (Fig.  31.3 ). 
The increase in heart rate in response to the increase in vascular resistance in female 

Control Tau-Fed

Control Tau-Fed

300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450

H
ea

t r
at

e 
(b

ea
t/m

in
)

Males

a

b

300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450

H
ea

t r
at

e 
(b

ea
t/m

in
)

Females

  Fig. 31.3    Heart rate measurements from male female rats supplemented with taurine (0.05%) for 
4 weeks. Taurine induced a signi fi cant ( p  < 0.01) increase in heart rates in both genders. Rats were 
2 months old and 15 male and 15 female rats were used for this experiment. These measurements 
were taken from the same rats used in Figs.  31.1  and  31.2 . Recording of heart rate was simultane-
ous with blood pressure       
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could be a mechanism to increase tissue perfusion. However, the tachycardia 
observed in males in the absence of an effect on vascular resistance may suggest a 
direct effect of taurine on heart physiology. This could be mediated at the myocar-
diocytes level (e.g., regulation of calcium homeostasis and contractile properties) 
or through interaction of taurine with the autonomic nervous system innervating 
the heart.   

    31.3.3   Taurine Injection Lowered Peripheral Resistance 

 To further characterize the vasoactive properties of taurine, we measured blood 
pressure in response to acute injection of taurine (43 mg/kg). Taurine was injected 
in the tail vein and blood pressure was monitored 15 min post injection. In response 
to taurine injection rats showed a drastic decrease in systolic, diastolic, and mean 
arterial pressure (Fig.  31.4 ). The observed effects of acute taurine injection on vas-
cular resistance could be mediated by direct interaction of taurine with endothelial 
or smooth muscle cells, or alternatively through modulation of the nervous control 
of the cardiovascular function. The effect of taurine on peripheral resistance after 
acute injection was not gender speci fi c. Both males and females responded by a 
drop in blood pressure.   
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  Fig. 31.4    Blood pressure measurements from rats injected with taurine (43 mg/kg). Rats received 
an intravenous injection of taurine into the tail vein and blood pressure was measured 15 min post 
injection. Taurine induced a signi fi cant ( p  < 0.01) lowered systolic (SBP), diastolic (DBP), and 
mean arterial pressure (MAP). Rats were 2 months old and 18 rats were used for this experiment       
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    31.3.4   Taurine Causes Vasorelaxation of Aortic Rings 

 Taurine has been shown to regulate the intracellular calcium homeostasis. Within 
the context of cardiac and smooth muscle physiology, calcium ions are very impor-
tant in the regulation of the contractility of these muscle cells and thus regulate both 
peripheral resistance and cardiac output. Taurine also has been shown to be a potent 
agonist of GABA 

A
  receptors and activation of these receptors has been shown to 

affect cardiovascular function and peripheral resistance. Thus, we used aortic rings 
to further elucidate the mechanisms by which taurine mediates its vasoactive prop-
erties. Freshly prepared aortic rings from the thoracic aorta were equilibrated for 
45 min and isometric contractions were monitored in the presence of bath applica-
tion of taurine. We  fi rst tested the effects of epinephrine (Epi), a well-established 
and potent vasoconstrictor on the contractibility of the aortic rings (Fig.  31.5 ). Bath 
application of 1  m M Epi resulted in a potent vasoconstriction of the aortic rings. The 
kinetics of the constriction elicited by Epi was consistent with the mechanisms of 
action of this hormone/neurotransmitter. Upon application of Epi, it took approxi-
mately two minutes to observe the beginning of smooth muscle cell contraction, as 
Epi activates adrenergic receptors that are G protein-coupled receptors. The peak 
tension was reached 15 min post bath application of Epi (Fig.  31.5 ). Similar to its 
slow onset of action, the effects of Epi persisted long after its removal from the bath. 
The persistent vasoconstriction in the absence of extracellular Epi indicates the con-
tinual activation of intracellular pathways and presence of second messenger sys-
tems triggered by Epi long after the removal of the agonist (Fig.  31.5 ).   

    31.3.5   Taurine Activates GABA 
A
  Receptors in Aortic 

Preparations 

 In search of the potential cellular mechanism by which taurine mediates vasodila-
tion, we used aortic rings and pharmacologically characterized the vasoactive prop-
erties of taurine on smooth muscle cells. Addition of taurine (10  m M) to the tissue 
bath resulted in a vasorelaxation of the aortic rings (Fig.  31.6 ). The onset and offset 
of taurine action were much faster than those observed with Epi application, sug-
gesting that taurine may activate an ionotropic receptor.  

 Since taurine is a GABA 
A
  receptor agonist, we tested the effects of taurine in the 

presence of GABA 
A
  receptor antagonist to determine if the effects were mediated 

through activation of GABA 
A
  receptors. Application of taurine in the presence of 

picrotoxin resulted in a rapid vasoconstriction as measured by the increased tension 
developed by the aortic ring (Fig.  31.7 ). The onset of vasoconstriction was very 
rapid within 30 s and reached its plateau within 2 min. 90% of the tension was pro-
duced within 1 min of taurine and picrotoxin application (Fig.  31.7 ). Removing 
picrotoxin and taurine from the bath resulted in a relatively rapid vasodilation and 
the tension returned to baseline levels (Fig.  31.7 ) relatively quickly.  
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  Fig. 31.5    Pharmacological response of aortic rings to epinephrine (Epi). Addition of 1  m M Epi to 
the tissue bath resulted in a delay and sustained contraction of smooth muscle cells of the aorta. 
After removal of Epi from the bath, the rings remained constricted for a long time indicating the 
slow onset and offset action of Epi       

  Fig. 31.6    Pharmacological response of aortic rings to taurine. Addition of 10  m M taurine to the tissue 
bath resulted in a rapid relaxation of smooth muscle cells of the aorta. After removal of taurine from 
the bath, the rings regained their pre-taurine contraction state relatively quickly, indicating that the 
fast onset and offset action of taurine could be mediated through an ionotropic receptor       

 Picrotoxin is a GABA 
A
  receptor competitive antagonist and competes with 

GABA to the binding site in an open-channel state. Since taurine is a GABA 
A
  recep-

tor agonist, application of taurine would open a GABA 
A
  receptor and in the pres-

ence of picrotoxin, the effects of taurine on GABA 
A
  receptor would be antagonized. 

Interestingly however, application of picrotoxin alone resulted in a vasoconstriction 
(Fig.  31.8 ). The kinetics of tension development by the aortic ring in the presence of 
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picrotoxin alone was different than that in combination with taurine. When picrotoxin 
alone was added to the bath, the tension was slow to develop (max tension was pro-
duced within 5 min) and the amount of tension was lower than when picrotoxin was 
combined with taurine (compare Figs.  31.7  and  31.8 ; 0.5 g vs. 0.3 g). We infer from 
these data the following: Taurine exerts its vasoactive properties through activation 
of the GABA 

A
  receptors with subsequent hyperpolarization of smooth muscle cells 

and relaxation. The fact that picrotoxin application resulted in a relaxation of the 
muscularis and a drop in tension suggests that there is a tonic activation of GABA 

A
  

receptors that could be mediated through circulating levels of GABA or taurine. 
However, the aortic rings are in an incubation chamber with controlled environ-
ment. The source of taurine or GABA in such a milieu could arise from release of 
these substances from the smooth muscle tissue    itself. Smooth muscle cells have 
been shown to contain taurine (Lobo et al.  2001  ) . Therefore, taurine or potentially 
GABA could be released from the tissue and causes a tonic relaxation of the smooth 
muscle cell within the muscularis of the aorta.   

    31.3.6   GABA 
A
  Receptors Are Expressed in the Aorta 

 As further evidence for the activation of GABA 
A
  receptors by taurine, we examined 

immunohistochemically the presence of GABA 
A
  receptors on the aortic wall. We 

found that the muscularis contains high levels of immunoreactivity for the  b  subunit 
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  Fig. 31.7    Pharmacological response of aortic rings to taurine in the presence of pictrotoxin. 
Addition of 10  m M taurine in the presence of 5  m M picrotoxin to the tissue bath resulted in a rapid 
vasoconstriction of smooth muscle cells of the aorta to reach a plateau within 2–3 min. After 
removal of taurine and picrotoxin from the bath, the rings regained their pre-taurine contraction 
state relatively quickly, indicating that taurine mediates its actions on the smooth muscle cells 
through activation of GABA 

A
  receptors       
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of the GABA 
A
  receptors (Fig.  31.9 ). Most GABA 

A
  immunoreactivity was localized 

to the outer layers of the muscularis of the aorta (Fig.  31.9 ). GABA 
A
  immunoreac-

tivity was found in both cerebral and extracerebral blood vessel vasculature 
(Fig.  31.9a, b ). We also examined the presence of taurine transporter on the wall of 
blood vessels. Interestingly, we found that the localization of taurine transporter in 
both cerebral and extracerebral vasculature is con fi ned mostly to the endothelium 
layer (Fig.  31.9a, b ). Low level of taurine transporter immunoreactivity was observed 
on the smooth muscle cell of blood vessels.   

    31.4   Discussion 

 GABA has been shown to play an important role in the modulation of cardiovascu-
lar function and hemodynamics. GABA mediates these actions by acting not only 
within the central nervous system but also within peripheral tissues. Since taurine is 
an agonist for GABA 

A
  receptors, we sought to determine the vasoactive properties 

of taurine, presumably through activation of GABA 
A
  receptors. 
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  Fig. 31.8    Pharmacological response of aortic rings to pictrotoxin. Addition of 5  m M picrotoxin to 
the tissue bath resulted in a rapid vasoconstriction of smooth muscle cells of the aorta to reach a 
plateau within 4–5 min. The tension developed by picrotoxin alone was much smaller than when 
taurine was present. After removal of picrotoxin from the bath, the rings regained their pre-taurine 
contraction state relatively quickly, indicating a tonic activation of GABA 

A
  receptors in the smooth 

muscle cells of the aorta       
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  Fig. 31.9    Representative images of GABA 
A
  receptors and taurine transporter immunoreactivity in 

the wall of the aorta ( a ) and middle cerebral artery. ( b ) The image in ( a ) was reconstructed from a 
Z stack obtained with a confocal microscope and processed using Imaris software. ( b ) is a maxi-
mum projection of a Z stack images. GABA 

A
  immunoreactivity is localized to the outer muscu-

laris, whereas taurine transporter is expressed in the apical side, presumably within the endothelium 
layer. Images captured with a 60× oil objective       

 Taurine (2-aminoethanesulfonic acid) is a sulfur-containing amino acid. It is one 
of the most abundant free amino acids in many excitable tissues, including the brain, 
skeletal, and cardiac muscles. Physiological actions of taurine are widespread and 
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include bile acid conjugation, detoxi fi cation, membrane stabilization, osmoregulation, 
neurotransmission, and modulation of cellular calcium levels (Foos and Wu  2002 ; 
Lombardini  1985 ; Saransaari and Oja  2000 ; Schaffer et al.  2000 ; Solis et al.  1988  ) . 
Furthermore, taurine plays an important role in modulating glutamate and GABA 
neurotransmission (El Idrissi and Trenkner  1999 ; El Idrissi and Trenkner  2004a,   b ; 
Militante and Lombardini  1998  ) . We have previously shown that taurine prevents 
excitotoxicity in vitro primarily through modulation of intracellular calcium homeo-
stasis (El Idrissi and Trenkner  1999  ) . In neurons, calcium plays a key role in mediat-
ing glutamate excitotoxicity. 

 Outside of the central nervous system, taurine also is essential during develop-
mental processes. Taurine is added to milk formula and in solution for parenteral 
nutrition of premature babies to prevent retinal degeneration and cholestasis 
(Huxtable  1992a,   b ; Lourenco and Camilo  2002  ) . Taurine is found at high concen-
trations in pancreatic islets (Huxtable  1992a,   b  ) . Taurine is able to prevent pancre-
atic alterations induced by gestational malnutrition, especially low-protein diet 
(Boujendar et al.  2002 ; Cherif et al.  1996 ; Dahri et al.  1991 ; Merezak et al.  2001  ) . 

 The antihypertensive effects of taurine have been demonstrated in several 
experimental models (Fujita and Sato  1984 ; Harada et al.  2000 ; Nara et al.  1978  ) . 
Studies in vitro showed that taurine relaxed pre-constricted rabbit ear artery 
(Franconi et al.  1982  ) , rat aorta (Ristori and Verdetti  1991  ) , and rat mesenteric 
artery (Li et al.  1996  ) . Thoracic aortic rings isolated from rats that were chroni-
cally given beta-alanine to deplete internal taurine showed enhanced contractile 
responses to norepinephrine and high potassium, and reduced relaxant responses 
to sodium nitroprusside and acetylcholine (Abebe and Mozaffari  2003  ) . Thoracic 
aortic rings isolated from rats that were chronically given taurine showed reduced 
contractile responses to norepinephrine and high potassium nonspeci  fi cally 
(Abebe and Mozaffari  2000  ) . These experiments suggest that taurine plays an 
important role in the maintenance and regulation of vascular tone in normal and 
pathological situations. 

 We found that acute injection of taurine (43 mg/kg) to adult rats resulted in a 
signi fi cant decrease in peripheral resistance with no effects on heart rate (Fig.  31.4 ). 
We further con fi rmed the vasorelaxant action of taurine using aortic ring prepara-
tions. Addition of taurine to aortic ring preparation resulted in a rapid decrease in 
tension attributed to the relaxation of the arterial muscularis (Fig.  31.6 ). The effects 
of taurine on smooth muscle were mediated through activation of GABA 

A
  recep-

tors. Bath application of picrotoxin, a GABA 
A
  receptor antagonist, resulted in a 

vasoconstriction of the aortic rings (Fig.  31.7 ). Interestingly, picrotoxin alone 
induced a constriction of the aortic ring in the absence of exogenously added tau-
rine (Fig.  31.8 ), suggesting a tonic activation of GABA 

A
  receptors by circulating 

either taurine or GABA. Picrotoxin is a GABA 
A
  receptor competitive antagonist 

and binds to GABA 
A
  in the open state. The  fi nding that picrotoxin caused a vaso-

constriction in the absence of exogenously added agonist (GABA or taurine), cou-
pled with the kinetic of constriction, suggests that there is a tonic low level of 
activation of GABA 

A
  receptors. This could be mediated by release of taurine or 

GABA from the aortic ring tissue under stretch conditions. Additionally, we found 
that the endothelial cells express high levels of taurine transporters and GABA 

A
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receptors (Fig.  31.9 ). The presence of high-level expression of taurine transporter 
in the endothelial cells suggests a high-af fi nity uptake mechanism for taurine by 
the endothelial cells. Once taurine is removed from the plasma it would activate 
the GABA 

A
  receptors that are abundantly expressed on smooth muscle cells of 

aortic wall (Fig.  31.9 ). 
 Peripheral resistance within the large arteries is predominantly controlled by the 

level of tonic activity of the sympathetic nervous system and the level of adrenergic 
receptor activation. Thus one could suggest an antagonistic system to the sympa-
thetic innervation of the vasculature. While the sympathetic nervous system causes 
vasoconstriction proportional to the level of activation of adrenergic receptors, the 
GABAergic system opposes that by mediating vasodilation. The GABAergic sys-
tem mediates its vasoactive properties through activation of GABA 

A
  receptors 

expressed throughout the length of the muscularis of the vasculature. GABA 
A
  recep-

tors can be activated either with taurine or GABA, both of which are found at rela-
tively high levels in the plasma. 

 The  fi nding that acute taurine had an opposite effect on peripheral resistance than 
chronic suggests that the chronic supplementation of taurine in drinking water may 
cause alterations to the mechanisms responsible for taurine regulation of blood 
pressure and peripheral resistance. Consistent with this observation, we found that 
the effects of taurine on the GABAergic system in the brain are dependent on the 
duration of treatment. 

 We have previously shown that taurine-fed mice have reduced expression of 
GABA 

A
  receptors in the hippocampus (El Idrissi  2006 ). We suggested that a down-

regulation of GABA 
A
  receptor expression was due to the sustained interaction of 

taurine with GABA 
A
  receptors which causes a change in subunit composition of 

the GABA 
A
  receptors and concomitant decrease in the ef fi cacy of the inhibitory 

system (El Idrissi  2006 ). Similar observations were noted in peripheral tissues, 
mainly the pancreas (El Idrissi et al.  2008 ). Therefore, we suggest that a potential 
decrease in GABA 

A
  receptor expression in the muscularis aortic wall in response 

to chronic treatment with taurine would result in a reduced ef fi ciency of vasodila-
tive properties of GABA on peripheral resistance. This would lead to hypertensive 
effect when taurine is chronically supplemented to rats. However, the hypertensive 
properties of taurine were gender speci fi c. Only females showed a signi fi cant 
decrease in blood pressure when chronically fed taurine. The gender-speci fi c 
effects of taurine on peripheral resistance are intriguing are require further investi-
gation of the mechanism of    action. We suggest that GABA 

A
  could mediate this 

gender speci fi city. Steroid hormones have been shown to act as allosteric modula-
tors of GABA 

A
  receptors. Thus, the gender-speci fi c hormonal phenotype could 

underlie the selective modulation of GABA 
A
  receptor conductance by taurine. This 

however remains to be elucidated. Alternatively, taurine may mediate its vasoac-
tive properties, in addition to activating GABA 

A
  receptors, through other known 

vasoactive substances. These include prostaglandins, nitric oxide, opening of K+ 
channels, reduced Ca 2+  availability or yet other mechanisms that could be involved 
in the vasorelaxant effects of taurine (Félétou and Vanhoutte  2006  ) .  
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    31.5   Conclusion 

 In summary, this study shows that taurine could have both hypo- and hypertensive 
properties. If chronically administered, taurine induces hypertension in female and 
tachycardia in both female and male rats. Intravenous injection of taurine causes a 
rapid decrease in blood pressure. This hypotensive effect was mediated through activa-
tion of GABA 

A
  receptors expressed on the muscularis of the aorta and cerebral blood 

vessels. Taurine, therefore, could act as a vasorelaxant when acutely injected. 
Furthermore, this study shows that GABA plays an important role in the regulation of 
cardiovascular function both centrally and peripherally. Drugs that target GABA 

A
  in 

the CNS would affect peripheral resistance in addition to the intended central effects.      
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  Abstract   To elucidate the synergistic effects of taurine and  l -arginine on hypertension, 
25% fructose were administered to male Wistar rats for 3 months to establish insulin 
resistance hypertensive models. Rats with the systolic blood pressure (SBP) higher 
than 150 mmHg were considered as model rats. Forty-two model rats were ran-
domly divided into six groups and administered with 3% taurine, 2.7% taurine + 0.3% 
 l -arginine, 2.1% taurine + 0.9%  l -arginine, 1.5% taurine + 1.5%  l -arginine and 3% 
 l -arginine in drinking water respectively. The results showed that coadministration 
of taurine (1.5%) and  l -arginine (1.5%) could bring the levels of SBP, blood glucose, 
and insulin down to normal levels after 4 weeks. The thickness of blood vessels 
increased signi fi cantly in model group, which could be reversed by taurine and 
 l -arginine. Serum NO, cGMP, and ET levels could return to normal levels. These 
data indicated that both taurine and  l -arginine could ameliorate vascular remodel-
ing and showed obvious antihypertensive effects, and taurine (1.5%) and  l -arginine 
(1.5%) in the drinking water showed a better result in the cure of hypertension.  

  Abbreviations  

  SBP    Systolic blood pressure   
  Ins    Insulin   
  ET    Endothelin   
  cGMP    Cyclic guanosine monophosphate         
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    32.1   Introduction 

 Hypertension is a systemic disease associated with heart, blood vessels, brain, 
kidneys, and other organs. Taurine, a sulfur-containing amino acid, which is present 
in high concentrations in mammalian plasma and cells, has been reported to have 
antihypertensive effects in both rat and human studies (Militante and Lombardini 
 2002 ; Hu et al.  2009 ; Rahman et al.  2011 ; Harada et al.  2004 ; Anuradha and 
Balakrishnan  1999  ) . Taurine can scavenge oxygen free radicals, act as a membrane 
stabilizer, increase renal kallikrein synthesis, blockade angiotensin II, and also have 
a sympatholytic effect (Hagar et al.  2006  ) .  l -Arginine is a precursor to nitric oxide 
which dilates blood vessels and lowers blood pressure. Dietary  l -arginine supple-
mentation has been proposed to reverse endothelial dysfunction under certain 
conditions, including hypercholesterolemia, coronary heart disease, and some forms 
of animal hypertension. Chronic oral administration of  l -arginine prevented the 
increase of blood pressure induced by sodium chloride loading in salt-sensitive rats. 
In addition, creatinine clearance was improved and fasting blood sugar was decreased 
by the addition of  l -arginine (Siani et al.  2000  ) . However, we still have no idea 
about the synergistic antihypertensive effects of these two amino acids. In the present 
study, 25% fructose was administered in the drinking water to establish insulin 
resistance hypertensive models, and taurine and  l -arginine were administered alone 
or together in the drinking water in different proportions.  

    32.2   Methods 

    32.2.1   Animals 

 Six-week-old male Wistar rats weighing 140–180 g were maintained under a 
controlled condition of light (12 h of light, 12 h of dark) and temperature (23 ± 2°C), 
and were given free access to food (commercial standard rat chow) and water. 
To establish insulin resistance hypertensive models, rats were given 25% fructose in 
drinking water for 12 weeks.  

    32.2.2   Experimental Design 

 Rats with the systolic blood pressure (SBP) higher than 150 mmHg were considered 
as hypertensive model rats. Forty-two hypertensive rats were randomly divided into 
six groups, and were all given drinking water administered with 25% fructose for 
four consecutive weeks. The rats were designated as model group (M) and treatment 
groups (T) with subscript 1, 2, and 3. That is, treatment groups were coadministered 
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with 25% fructose and 3% taurine (T1), 2.7% taurine + 0.3%  l -arginine (T2), 2.1% 
taurine + 0.9%  l -arginine (T3), 1.5% taurine + 1.5%  l -arginine (T4), and 3%  l -arginine 
(T5) in drinking water, respectively ( n  = 7).  

    32.2.3   Measurement of Systolic Blood Pressure 

 Systolic blood pressure (SBP) was measured weekly in conscious rats with a noninva-
sive blood pressure measurement system (BP-98A softron, Japan) using the tail-cuff 
method. Rats were placed in a plastic holder mounted on a thermostatically controlled 
warm plate that was maintained at 37°C during measurements. An average value from 
three blood pressure readings (that differed by no more than 2 mmHg) was determined 
for each animal after they became acclimated to the environment. All blood pressure 
measurements were made between 09:00 and 12:00 h once a week.  

    32.2.4   Histological Analysis 

 Thoracic aortas were  fi xed in 40 g/L paraformaldehyde for 24 h at room temperature, 
followed by dehydration in 300 g/L sucrose overnight at 4°C. After embedding with 
OCT, the tissues were frozen in liquid nitrogen, then stored at −80°C. Cryostat-cut 
sections (6  m m) were picked up onto gelatin-coated glass slides and then stained 
with hematoxylin and eosin.  

    32.2.5   Sample Collection and Biochemical Analysis 

 Blood samples were collected, and serum was separated by centrifuging at 1,500 rpm 
for 15 min at 4°C, stored at −20°C. Serum nitric oxide (NO) levels were detected by 
nitrate reductase method according to the instruction of reagent kits. Insulin (Ins), 
endothelin (ET), and cyclic guanosine monophosphate (cGMP) were detected by 
enzyme-linked immunosorbent assay. All the reagent kits were purchased from 
Nanjing Jiancheng Bioengineering Institute (China).  

    32.2.6   Statistical Analysis 

 Data were presented as the mean ± SD and signi fi cant differences were determined 
by Duncan’s multiple range tests using SPSS 16.0 statistical analysis software. 
 p  values less than 0.05 were considered as signi fi cant.   
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    32.3   Results 

    32.3.1   Assessments of Systolic Blood Pressure 

 As expected, consumption of fructose-containing water resulted in signi fi cant 
increase in systolic blood pressure (SBP) after 12 weeks. SBP of treatment groups 
showed a gradual downward tendency during the trial period. Only after 1 week 
treatment, SBP levels had been signi fi cantly lower than M group ( p  < 0.05). Four 
weeks later, SBP of treatment groups were all approaching to normal levels, 
especially in T4 group, which showed no signi fi cant difference compared with 
control group ( p  > 0.05)    (Table  32.1 ).   

    32.3.2   Detection of Blood Glucose 

 As shown in Table  32.2 , fructose-fed rats had higher blood glucose levels compared 
with the control group. Blood glucose levels showed a gradual downward tendency 
in the treatment groups. Four weeks later, there were no signi fi cant differences 
between T4 group and control group.    

    32.3.3   Serum Insulin Levels 

 The results of Fig.  32.1  showed that serum insulin levels in model group signi fi cantly 
increased compared with the control group, and the insulin levels of treatment 
groups were all signi fi cantly lower than the model group ( p  < 0.05).   

   Table 32.1    Effect of taurine and  l -arginine on systolic blood pressure (SBP) of insulin resistance 
hypertensive rats   

 Groups 
 Before 
treatment 

 Treatment 

 1 week  2 weeks  3 weeks  4 weeks 

 Control group  128.20 ± 3.03 a   126.71 ± 2.54 a   127.34 ± 1.59 a   129.20 ± 3.32 a   128.20 ± 1.94 a  
 Model group  158.29 ± 2.56 b   156.43 ± 4.07 c   157.86 ± 6.09 c   155.14 ± 4.41 d   158.14 ± 3.89 c  
 T1 group  152.86 ± 8.23 b   149.86 ± 8.23 b   145.71 ± 4.61 b   141.71 ± 1.98 c   135.71 ± 2.06 b  
 T2 group  155.86 ± 6.09 b   151.29 ± 4.54 b   147.14 ± 5.24 b   139.29 ± 4.99 b,c   134.71 ± 3.59 b  
 T3 group  156.71 ± 8.65 b   149.57 ± 3.15 b   142.14 ± 2.12 b   138.29 ± 2.3c b,c   134.14 ± 2.41 b  
 T4 group  156.43 ± 3.99 b   148.43 ± 2.76 b   143.14 ± 4.02 b   135.57 ± 3.36 b   129.14 ± 3.07 a  
 T5 group  155.43 ± 3.90 b   149.86 ± 3.34 b   145.29 ± 1.80 b   141.57 ± 1.99 c   136.57 ± 2.82 b  

  The rats were designated as model group (M) and treatment groups (T) with subscript 1, 2, and 3. 
That is, treatment groups were coadministered with 25% fructose and 3% taurine (T1), 2.7% 
taurine + 0.3%  l -arginine (T2), 2.1% taurine + 0.9%  l -arginine (T3), 1.5% taurine + 1.5%  l -arginine 
(T4), and 3%  l -arginine (T5) in drinking water, respectively, for four consecutive weeks. SBP 
were measured once a week. Data are the mean ± SD ( n  = 7). Values with different letters on the 
shoulder represent signi fi cant differences ( p  < 0.05)  
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    32.3.4   Serum NO/cGMP and ET 

 As shown in Fig.  32.2 , NO levels of model group decreased signi fi cantly com-
pared with the control group ( p  < 0.05). After treatment, T3 and T4 groups 
showed no signi fi cant difference compared with control group ( p  > 0.05). cGMP 
levels showed no signi fi cant difference among groups, but it could be seen that 
the treatment groups have higher cGMP levels than the model group, and cGMP 
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     Fig. 32.1       Effect of taurine and  l -arginine on serum insulin levels of insulin resistance hyperten-
sive rats. The rats were designated as model group ( M ) and treatment groups ( T ) with subscript 1, 
2, and 3. That is, treatment groups were given 25% fructose coadministered with 3% taurine ( T1 ), 
2.7% taurine + 0.3%  l -arginine ( T2 ), 2.1% taurine + 0.9%  l -arginine ( T3 ), 1.5% taurine + 1.5% 
 l -arginine ( T4 ), and 3%  l -arginine ( T5 ) in drinking water, respectively, for four consecutive weeks. 
Measurements were made after 4 weeks treatment. Data are the mean ± SD ( n  = 7). Values with 
different letters on the shoulder represent signi fi cant differences ( p  < 0.05)       

   Table 32.2    Effect of taurine and  l -arginine on blood glucose of insulin resistance hypertensive rats   

 Groups  Before treatment 

 Treatment 

 1 week  2 weeks  3 weeks  4 weeks 

 Control group  3 03 ± 0.35 a   3.33 ± 0.28 a   3.43 ± 0.37 a   3.06 ± 0.39 a   3.16 ± 0.37 a  
 Model group  5.41 ± 0.50 b   5.21 ± 0.33 b   5.63 ± 0.28c  5.79 ± 0.21 d   6.03 ± 0.38 d  
 Tl group  5.79 ± 0.60 b   5.34 ± 0.49 b   4.87 ± 0.51 b   4.61 ± 0.38 c   4.06 ± 0.28 b  
 T2 group  5.81 ± 0.95 b   5.31 ± 0.95 b   4.86 ± 0.85 b   4.39 ± 0.67 b,c   3.94 ± 0.54 b  
 T3 group  6.02 ± 0.39 b   5.63 ± 0.39 b   5.13 ± 0.39 b,c  4.43 ± 0.39 b,c   4.13 ± 0.39 b  
 T4 group  5.67 ± 0.62 b   5.23 ± 0.55 b   4.57 ± 0.35 b   4.06 ± 0.28 b   3.214 ± 0.35 a  
 T5 group  5.71 ± 0.80 b   5.18 ± 0.65 b   4.84 ± 0.59 b   4.53 ± 0.59 b,c   4.19 ± 0.46 b  

  The rats were designated as model group (M) and treatment groups (T) with subscript 1, 2, and 3. 
That is, treatment groups were given 25% fructose coadministered with 3% taurine (T1), 2.7% 
taurine + 0.3%  l -arginine (T2), 2.1% taurine + 0.9%  l -arginine (T3), 1.5% taurine + 1.5%  l -arginine 
(T4), and 3%  l -arginine (T5) in drinking water, respectively, for four consecutive weeks. 
Measurements of blood glucose were made once a week. Data are the mean ± SD ( n  = 7). Values 
with different letters on the shoulder represent signi fi cant differences ( p  < 0.05)  
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level of T4 group was very close to the control group. Serum ET level increased 
signi fi cantly in the model group, and all the treatment groups showed no 
signi fi cant difference compared with the control group. ET levels of T2 and T3 
groups were close to the control group.  

    32.3.5   Histological Analysis 

 As shown in Fig.  32.3 , the abnormal proliferation of vascular smooth muscle cells 
were observed in model group, and the thickness of blood vessels wall signi fi cantly 
increased in model group, which could be reversed by taurine and  l -arginine.    
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  Fig. 32.2    Effect of taurine and  l -arginine on serum NO/cGMP and ET levels of insulin resistance 
hypertensive rats. The rats were designated as model group ( M ) and treatment groups ( T ) with 
subscript 1, 2, and 3. That is, treatment groups were given 25% fructose coadministered with 3% 
taurine ( T1 ), 2.7% taurine + 0.3%  l -arginine ( T2 ), 2.1% taurine + 0.9%  l -arginine ( T3 ), 1.5% tau-
rine + 1.5%  l -arginine ( T4 ), and 3%  l -arginine ( T5 ) in drinking water, respectively, for four con-
secutive weeks. Measurements were made after 4 weeks treatment. Data are the mean ± SD ( n  = 7). 
Values with different letters on the shoulder represent signi fi cant differences ( p  < 0.05)       
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    32.4   Discussion 

 Taurine and  l -arginine have both been con fi rmed to have antihypertensive effects in 
the previous studies. Treatment with 2% taurine in drinking water prevented the 
blood pressure elevation and attenuated the hyperinsulinemia in fructose-fed rats. 
Taurine supplementation could be bene fi cial in circumventing metabolic alterations 
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  Fig. 32.3    Effect of taurine and  l -arginine on vascular remodeling of insulin resistance hypertensive 
rats. The rats were designated as model group ( M ) and treatment groups ( T ) with subscript 1, 2, and 
3. That is, treatment groups were given 25% fructose coadministered with 3% taurine ( T1 ), 2.7% 
taurine + 0.3%  l -arginine ( T2 ), 2.1% taurine + 0.9%  l -arginine ( T3 ), 1.5% taurine + 1.5%  l -arginine 
( T4 ), and 3%  l -arginine ( T5 ) in drinking water, respectively, for four consecutive weeks. Measurements 
were made after 4 weeks treatment. Data are the mean ± SD ( n  = 7). Values with different letters on the 
shoulder represent signi fi cant differences ( p  < 0.05). Images were acquired with 200× magni fi cation       
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in insulin resistance (   Anuradha and Balakrishnan  1999  ) . Numerous studies, though 
not uniformly, demonstrated a bene fi cial effect of acute and chronic  l -arginine sup-
plementation on endothelium-derived nitric oxide production and endothelial func-
tion, and  l -arginine has been shown to reduce blood pressure in some forms of 
experimental hypertension (Gokce  2004  ) . Our results showed that coadministration 
of the two amino acids (1.5% taurine + 1.5%  l -arginine) in drinking water could 
reverse the SBP of insulin-resistance hypertensive rats to normal levels. 

 Insulin resistance appears to be a common feature and a possible contributing fac-
tor to hypertension. Abnormalities in glucose, insulin, and lipoprotein metabolism are 
common in hypertension, and insulin resistance may represent a unifying pathophysi-
ological mechanism. Anuradha and Balakrishnan  (     1999  )  reported that adding taurine 
to the diet of fructose-fed rats moderated the fructose-induced exaggerated glucose 
levels and hyperinsulinemia. Nakaya et al.  (  2000  )  showed that administration of tau-
rine resulted in signi fi cantly less abdominal fat accumulation, hyperglycemia, and 
insulin resistance.  l -arginine (0.52 mg/kg/min) administered intravenously could 
restore the impaired insulin-mediated vasodilation observed in patients with obesity 
and type 2 diabetes and improved insulin sensitivity (Wascher et al.  1997  ) . In the 
present study, model rats showed a higher blood glucose and fasting insulin levels and 
coadministration of the two amino acids (1.5% taurine + 1.5%  l -arginine) had better 
effects than the other treatment groups in increasing insulin sensitivity. 

 Increased vascular smooth muscle cell (VSMC) hypertrophy, migration and pro-
liferation are among key events that contribute to remodeling of the vasculature 
associated with cardiovascular diseases. Reversal of vascular remodeling is very 
important in the cure of hypertension. Taurine and  l -arginine both could reverse the 
vascular remodeling, and T4 group was not as good as T2 group in reversing vascu-
lar remodeling. 

 Nitric oxide is an important vasoprotective molecule that serves not only as a 
vasodilator but also exerts antihypertrophic and antiproliferative effects in vascular 
smooth muscle cells (VSMC). Endothelin-1 is a powerful vasoconstrictor peptide 
with mitogenic and growth stimulatory properties. Both cGMP-dependent and 
independent events have been reported to mediate the effect of NO on these 
pathways leading to its vasoprotective response (Kapakos et al.  2010  ) . ET-1 plays 
an important vasoconstrictor and growth-promoting role in peripheral resistance 
vessels and may contribute to BP elevation in some animal models of hypertension. 
In the present study, it could be seen that NO/cGMP levels signi fi cantly decreased 
and ET-1 levels elevated in insulin resistance hypertensive model rats, while taurine 
and  l -arginine could bring them to normal levels, especially when they were 
coadministered in drinking water.  

    32.5   Conclusion 

 In summary, the present study showed that supplementation of taurine and  l -arginine 
together in drinking water had better antihypertensive effects than when taurine was 
administered alone.      
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  Abstract   In adult rats, perinatal taurine depletion followed by high sugar intake 
alters neural and renal control of arterial pressure via the renin–angiotensin system. 
This study tests the hypothesis that perinatal taurine supplementation predisposes 
adult female rats to the adverse arterial pressure effect of high sugar intake via the 
renin–angiotensin system, rather than via estrogen. Female Sprague-Dawley rats 
were fed normal rat chow with 3% taurine (taurine supplementation, TS) or water 
alone (control, C) from conception to weaning. Their female offspring were fed 
normal rat chow with either 5% glucose in tap water (TSG, CG) or tap water alone 
(TSW, CW). At 7–8 weeks of age, the female offspring’s renin–angiotensin system 
or estrogen receptors were inhibited by captopril or tamoxifen, respectively. Body 
weight, heart weight, kidney weight, mean arterial pressures (MAP), and heart rates 
were not signi fi cantly different among groups without captopril or tamoxifen. 
Captopril (but not tamoxifen) decreased MAP but not heart rates in all groups. In 
TSG compared to TSW, CW, and CG groups, barore fl ex sensitivity of heart rate 
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(BSHR) and renal nerve activity (BSRA) were signi fi cantly decreased. Neither cap-
topril nor tamoxifen altered BSHR in TSG, but tamoxifen (but not captopril) restored 
TSG BSRA to CW or CG control levels. Perinatal taurine supplementation did not 
disturb sympathetic and parasympathetic nerve activity in the adult rats on high or 
basal sugar intake. Compared to its effect in CW and CG groups, tamoxifen increased 
sympathetic but decreased parasympathetic activity less in TSG and TSW groups. 
Inhibition of the renin–angiotensin system did not affect autonomic nerve activity 
in any group. These data suggest that in adult female rats that are perinatally supple-
mented with taurine, high sugar intake after weaning blunts arterial barore fl ex via 
an estrogen (but not renin–angiotensin) mechanism.  

  Abbreviations  

  CW    Control with water intake alone   
  CW + Cap    CW plus captopril treatment   
  CW + Tam    CW plus tamoxifen treatment   
  CG    Control with high sugar intake   
  CG + Cap    CG plus captopril treatment   
  CG + Tam    CG plus tamoxifen treatment   
  TSW    Perinatal taurine supplementation with water intake alone   
  TSW + Cap    TSW plus captopril treatment   
  TSW + Tam    TSW plus tamoxifen treatment   
  TSG    Perinatal taurine supplementation with high sugar intake   
  TSG + Cap    TSG plus captopril treatment   
  TSG + Tam    TSG plus tamoxifen treatment   
  SD    Sprague-Dawley   
  HF    High frequency   
  LF    Low frequency         

    33.1   Introduction 

 The perinatal environment in fl uences not only growth and development of the fetus 
and newborn, but the phenotypic expression of the adult offspring. For examples, 
inhibition of the renin–angiotensin system from conception throughout life or dur-
ing the perinatal period alone attenuates or prevents hypertension and other related 
damage in adult spontaneously hypertensive rats (Wyss et al.  1994  ) . However, such 
inhibition produces salt-sensitive hypertension in adult normotensive rats. Several 
lines of evidence have reported that perinatal over or under dietary exposure pro-
grams adult function and dysfunction (Barnes and Ozanne  2011 ; Marino et al.  2011 ; 
Zhang et al.  2011  ) . Previous experiments indicate that either taurine depletion or 
supplementation in early life alters renal function in adult male and female rats 
(Roysommuti et al.  2009a ; Roysommuti et al.  2010a ; Roysommuti et al.  2010b  )  
while perinatal taurine depletion paired with a high sugar diet after weaning blunts 
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barore fl ex function and depresses autonomic nervous system control of arterial 
pressure (Roysommuti et al.  2009b ; Thaeomor et al.  2010  ) . These abnormalities are 
improved by acute inhibition of renin–angiotensin system (Thaeomor et al.  2010  ) . 

 The effect of perinatal taurine exposure on adult function is sex dependent 
(Roysommuti et al.  2009c  ) , suggesting the possible role of sex hormones particu-
larly estrogen in these effects. Without high sugar intake after weaning, perinatal 
taurine depletion only slightly but signi fi cantly blunts barore fl ex sensitivity in male 
but not female rats. In contrast, a high sugar diet markedly depresses barore fl ex 
function and increases sympathetic nerve activity in both sexes (Roysommuti et al. 
 2009b ; Thaeomor et al.  2010  ) . The signi fi cant role of estrogen on arterial pressure 
control is also supported by studies in spontaneously hypertensive rats (Bonacasa 
et al.  2008  )  and salt-induced hypertensive and ovariectomized rats (Fang et al. 
 2001  ) . The much lower incidence of hypertension in premenopausal compared to 
postmenopausal women also supports a role for estrogen in cardiovascular disor-
ders (Leuzzi and Modena  2011 ; Yanes and Reckelhoff  2011  ) . 

 Perinatal taurine supplementation is common in pregnant women and as a dietary 
supplement in newborns (McPherson and Hardy  2011 ; Wu  2009 ; Yamori et al. 
 2010  ) . Although adverse effects of taurine excess have not been de fi nitively demon-
strated in humans, taurine supplementation during late pregnancy in rats stimulates 
postnatal growth and induces obesity and insulin resistance in adult offspring 
(Hultman et al.  2007  ) . However, perinatal taurine supplementation’s effect and pos-
sible mechanisms of action on arterial pressure control have not been established. 
The present study tests the hypothesis that perinatal taurine supplementation predis-
poses female adult rats to adverse effects of high sugar intake on arterial pressure 
control by a renin–angiotensin (rather than estrogen) mechanism.  

    33.2   Methods 

    33.2.1   Experimental Protocol 

 Sprague-Dawley (SD) rats were bred at the animal unit of Faculty of Medicine, 
Khon Kaen University and maintained at constant humidity (60 ± 5%), temperature 
(24 ± 1°C), and light cycle (06.00–18.00 h). Female SD rats were fed normal rat 
chow with 3% taurine (taurine supplementation, TS) or water alone (control, C) 
from conception to weaning. Their female offspring were fed with the normal rat 
chow with either 5% glucose in tap water (TS with glucose, TSG; C with glucose, 
CG) or tap water alone (TSW, CW) throughout the experiment. All experimental 
procedures were approved by the Animal Ethics Committee of Khon Kaen University 
(Khon Kaen, Thailand) and were conducted in accordance with the US National 
Institutes of Health guidelines. 

 To test the possible role of renin–angiotensin system, another six separated 
groups were treated with captopril in drinking water (an angiotensin-converting 
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enzyme inhibitor, 400 mg/l) from 7 days before parameter measurements until the 
end of experiment (CW + Cap, CG + Cap, TSW + Cap, TSG + Cap). In addition to 
test the possible role of estrogen, more six separated groups were treated with an 
estrogen receptor antagonist (tamoxifen, 10 mg/kg/day, oral) since 7 days before the 
study (CW + Tam, CG + Tam, TSW + Tam, TSG + Tam). 

 At 7–8 weeks of age, under thiopental anesthesia (50 mg/kg body weight, i.p.), 
all female rats were implanted with femoral arterial and venous catheters. Three 
days later, arterial pressure, heart rate, arterial barore fl ex sensitivity of heart rate 
(BSHR) were measured in conscious freely moving rats before and during infusion 
of phenylephrine (BSHR-phenylephrine) or sodium nitroprusside (BSHR-
nitroprusside). After 24 h resting, rats were anesthetized with thiopental sodium, 
were tracheostomized, and their arterial pressures were recorded continuously, 
respectively. Renal sympathetic nerve activity was continuously recorded by using 
stainless steel electrodes (12 M W , 0.01 Taper, A-M System, Sequim, Washington, 
USA) connected to DAM-80 ampli fi er (World Precision Instruments, Sarasota, 
Florida, USA) and BioPac Systems (Goleta, California, USA), respectively. 
Multiunit recording of renal nerve activity was conducted only on nerve units that 
responded to changes in arterial pressure following nitroprusside or phenylephrine 
infusion. Body temperature was servo-control at 37 ± 0.5°C by a rectal probe con-
nected to a temperature regulator controlling an overhead heating lamp. At the end 
of experiment, all animals were terminated by a high dose of thiopental anesthesia 
and kidney and heart weights were then collected.  

    33.2.2   Data Analyses 

 All data were analyzed by Acknowledge software version 3.9.1 (BioPac Systems, 
Goleta, California, USA). Frequency domains of arterial pressure pulse spectrum 
were analyzed using the Acknowledge software to indirectly estimate the sympa-
thetic (low frequency 0.3–0.5 Hz, LF) and the parasympathetic nerve activities 
(high frequency 0.5–4.0 Hz, HF). The percent power spectral densities of LF or HF 
to the total power of LF and HF indicate sympathetic and parasympathetic nerve 
activity, respectively (Roysommuti et al.  2009b ; Thaeomor et al.  2010  ) . Barore fl ex 
sensitivity values were calculated from changes in heart rates (BSHR) or renal nerve 
activity (BSRA) per changes in mean arterial pressures.  

    33.2.3   Statistical Analyses 

 All data are expressed as mean ± SEM and were statistically analyzed using one-
way ANOVA and a post hoc Duncan’s multiple range test. Statistically signi fi cant 
difference is  p -values < 0.05.   
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    33.3   Results 

 At 7–8 weeks of age, all groups displayed similar body, heart, and kidney weights 
as previously reported (Thaeomor et al.  2010 ). Mean arterial pressures were not 
signi fi cantly different among untreated control groups and acute inhibition of renin–
angiotensin system by captopril signi fi cantly decreased mean arterial pressures 
to a similar extent (about 15 mm Hg decreases). Compared to control treatment, 
inhibition of the estrogen receptors by tamoxifen did not signi fi cantly alter mean 
arterial pressures in any group, but the values of CG and TSW were slightly and 
signi fi cantly higher than those of CW and TSG (Fig.  33.1 ).  

 Heart rates were not signi fi cantly different among groups (Fig.  33.2 ). Barore fl ex 
sensitivity of heart rate was not signi fi cantly different among control CW, CG, and 
TSW, but it was impaired signi fi cantly in control TSG (Fig.  33.3 ). While tamoxifen 
treatment signi fi cantly decreased barore fl ex sensitivity in CW, CG, and TSW, cap-
topril treatment signi fi cantly decreased only in TSW. Neither captopril nor tamox-
ifen altered the barore fl ex sensitivity of heart rate in TSG. Compared to CW and 

  Fig. 33.1    Comparison of mean arterial pressure among groups ( CW  control with water intake 
alone,  CW  +  Cap  CW plus captopril treatment,  CW  +  Tam  CW plus tamoxifen treatment,  CG  control 
with high sugar intake,  CG  +  Cap  CG plus captopril treatment,  CG  +  Tam  CG plus tamoxifen treat-
ment,  TSW  perinatal taurine supplementation with water intake alone,  TSW  +  Cap  TSW plus 
captopril treatment,  TSW  +  Tam  TSW plus tamoxifen treatment,  TSG  perinatal taurine supplemen-
tation with high sugar intake,  TSG  +  Cap  TSG plus captopril treatment,  TSG  +  Tam  TSG plus 
tamoxifen treatment, * p  < 0.05 vs. control,  #  p  < 0.05 vs. CW of same treatment,   b   p  < 0.05 vs. CG of 
same treatment,   y   p  < 0.05 vs. TSW of same treatment)       
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TSW, barore fl ex sensitivity of renal nerve activity was impaired signi fi cantly in CG 
and TSG rats (Fig.  33.4 ). While tamoxifen treatment (compared to control) 
signi fi cantly decreased barore fl ex sensitivity in CW, CG and TSW, captopril 
treatment signi fi cantly decreased barore fl ex sensitivity in CW and CG (only BSRA-
nitroprusside). Tamoxifen but not captopril treatment restored barore fl ex sensitivity 
of TSG compared to TSW and CG.    

 All groups with or without captopril treatment displayed similar sympathetic 
and parasympathetic nerve activity while those with tamoxofen treatment showed 
signi fi cantly increased sympathetic and decreased parasympathetic nerve activity 
(Fig.  33.5 ). However, the autonomic nerve activity was less in TSW + Tam and 
TSG + Tam, compared to CW + Tam and CG + Tam, respectively.   

    33.4   Discussion 

 Perinatal taurine depletion followed by high sugar intake after weaning blunts 
baroreceptor re fl ex function and increases sympathetic nerve activity in adult female 
rats, and this effect is abolished by short-term inhibition of the renin–angiotensin 

  Fig. 33.2    Comparison of heart rate among groups ( CW  control with water intake alone,  CW  +  Cap  
CW plus captopril treatment,  CW  +  Tam  CW plus tamoxifen treatment,  CG  control with high sugar 
intake,  CG  +  Cap  CG plus captopril treatment,  CG  +  Tam  CG plus tamoxifen treatment,  TSW  peri-
natal taurine supplementation with water intake alone,  TSW  +  Cap  TSW plus captopril treatment, 
 TSW  +  Tam  TSW plus tamoxifen treatment,  TSG  perinatal taurine supplementation with high sugar 
intake,  TSG  +  Cap  TSG plus captopril treatment,  TSG  +  Tam  TSG plus tamoxifen treatment, no 
signi fi cant difference was observed among groups)       
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system (Thaeomor et al.  2010  ) , but not by inhibition of estrogen receptors 
(Roysommuti et al.  2011  ) . The present data indicate that in adult female rats that 
were perinatally taurine supplemented, estrogen (but not the renin–angiotensin sys-
tem) contributes to the ability of high sugar intake to depress barore fl ex renal nerve 

  Fig. 33.3    Comparison of barore fl ex sensitivity of heart rate (BSHR) among groups ( BSHR -
 phenylephrine  BSHR tested by phenylephrine infusion,  BSHR - nitroprusside  BSHR tested by 
sodium nitroprusside infusion,  CW  control with water intake alone,  CW  +  Cap  CW plus captopril 
treatment,  CW  +  Tam  CW plus tamoxifen treatment,  CG  control with high sugar intake,  CG  +  Cap  
CG plus captopril treatment,  CG  +  Tam  CG plus tamoxifen treatment,  TSW  perinatal taurine sup-
plementation with water intake alone,  TSW  +  Cap  TSW plus captopril treatment,  TSW  +  Tam  TSW 
plus tamoxifen treatment,  TSG  perinatal taurine supplementation with high sugar intake,  TSG  +  Cap  
TSG plus captopril treatment,  TSG  +  Tam  TSG plus tamoxifen treatment, * p  < 0.05 vs. control, 
 #  p  < 0.05 vs. CW of same treatment,   b   p  < 0.05 vs. CG of same treatment,   y   p  < 0.05 vs. TSW of same 
treatment)       
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control but not barore fl ex control of heart rate. In contrast, the renin–angiotensin 
system (but not estrogen) plays a more important role in barore fl ex impairments 
of heart rate control in TSW when compared to control rats. This phenomenon 

  Fig. 33.4    Comparison of barore fl ex sensitivity of renal nerve activity (BSRA) among groups 
( BSRA - phenylephrine  BSRA tested by phenylephrine infusion,  BSRA - nitroprusside  BSRA tested 
by sodium nitroprusside infusion,  CW  control with water intake alone,  CW  +  Cap  CW plus capto-
pril treatment,  CW  +  Tam  CW plus tamoxifen treatment,  CG  control with high sugar intake, 
 CG  +  Cap  CG plus captopril treatment,  CG  +  Tam  CG plus tamoxifen treatment,  TSW  perinatal 
taurine supplementation with water intake alone,  TSW  +  Cap  TSW plus captopril treatment, 
 TSW  +  Tam  TSW plus tamoxifen treatment,  TSG  perinatal taurine supplementation with high sugar 
intake,  TSG  +  Cap  TSG plus captopril treatment,  TSG  +  Tam  TSG plus tamoxifen treatment, 
* p  < 0.05 vs. control,  #  p  < 0.05 vs. CW of same treatment,   b   p  < 0.05 vs. CG of same treatment, 
  y   p  < 0.05 vs. TSW of same treatment)       
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 disappears after a high sugar diet. In addition, these changes may not relate to 
autonomic nervous system dysregulation. 

 The effect of estrogen on baroreceptor function is complex. Direct infusion of 
phytoestrogen into isolated carotid sinus depresses the sinus nerve activity via 
inhibition of protein tyrosine kinase and decreased Ca 2+  in fl ux to stretch activated 

  Fig. 33.5    Comparison of sympathetic and parasympathetic nerve activity among groups 
( CW  control with water intake alone,  CW  +  Cap  CW plus captopril treatment,  CW  +  Tam  CW plus 
tamoxifen treatment,  CG  control with high sugar intake,  CG  +  Cap  CG plus captopril treatment, 
 CG  +  Tam  CG plus tamoxifen treatment,  TSW  perinatal taurine supplementation with water intake 
alone,  TSW  +  Cap  TSW plus captopril treatment,  TSW  +  Tam  TSW plus tamoxifen treatment,  TSG  
perinatal taurine supplementation with high sugar intake,  TSG  +  Cap  TSG plus captopril treatment, 
 TSG  +  Tam  TSG plus tamoxifen treatment, * p  < 0.05 vs. control,  #  p  < 0.05 vs. CW of same treatment, 
  b   p  < 0.05 vs. CG of same treatment)       
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channels (Ma et al.  2005  ) . In contrast, estrogen enhances barore fl ex sensitivity 
induced by phenylephrine via interaction with central projections of the aortic 
nerve (Mohamed et al.  1999  ) . In addition, central estrogen enhances baroreceptor 
mediated increases in adrenal hormone secretion induced by hypotension in sheep 
(Purinton and Wood  2002  ) . However, many brain areas respond differently to 
estrogen injection. Estrogen injection into the insular cortex increases renal sym-
pathetic (but not vagal) nerve activity while injection into the central nucleus of 
amygdala decreases sympathetic nerve activity (Saleh and Connell  2003 ). 
Although estrogen can modify barore fl ex sensitivity and autonomic tone, its effect 
on arterial pressure is minimal (Saleh et al.  2005 ; Saleh and Connell  2003  ) . This 
may explain why in the present study, inhibition of estrogen receptors alters auto-
nomic nerve activity and barore fl ex sensitivity without any effect on arterial pres-
sure and heart rate. 

 Perinatal taurine exposure in fl uences brain growth and development and programs 
adult function and abnormalities (Aerts and Van Assche  2002 ; Huxtable  1992 ; 
Sturman  1993  ) . It is likely that some brain areas in perinatal taurine supplemented rats 
respond to estrogen differently from control taurine treated animals, in such a manner 
that their estrogen-dependent barore fl ex functions are depressed. This notation is 
con fi rmed by barore fl ex sensitivity data in TSW + Tam (about 50% increases) 
compared to CW + Tam (about 30% increases) rats. This effect disappears after high 
sugar intake after weaning in TSG but not CG groups, suggesting that perinatal 
taurine supplementation changes the estrogen-mediated barore fl ex interaction, making 
it more sensitive to some mechanisms related to glucose–insulin regulation. 

 The renin–angiotensin system underlies sugar-induced hypertension in many 
animal models (Erlich and Rosenthal  1995 ; Freitas et al.  2007 ; Rosenthal et al.  1995  ) . 
High sugar intake (similar to that in the present study) induces renal dysregulation prior 
to its effects on hypertension and diabetes mellitus, and these changes are related to 
renin–angiotensin system overactivity (Roysommuti et al.  2002  ) . The role of the renin–
angiotensin system on autonomic nerve function, arterial pressure, and heart rate is 
completely preserved in perinatal taurine supplemented rats, even with high sugar 
intake after weaning. Its inhibition decreased barore fl ex control of heart rate in TSW 
but not in CW and CG, but it decreased barore fl ex control of renal nerve in CW and CG 
but not in TSW. In addition, this effect disappears when these animals are treated with 
a high sugar diet after weaning. The present data suggest that perinatal taurine supple-
mentation alters the interplay of renin–angiotensin system on barore fl ex function but 
not autonomic tone. Angiotensin II generally affects barore fl ex sensitivity by acting 
via the brain, especially the medulla. This study thus con fi rms that perinatal taurine 
supplementation programs barore fl ex function by altering central nervous system.  

    33.5   Conclusion 

 In summary, perinatal taurine exposure programs adult health and disease. Many lines 
of evidence report that perinatal taurine depletion induces disorders in adult offspring, 
especially hypertension, renal dysfunction, and metabolic disorders. In contrast, 
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taurine supplementation, either during perinatal life or in the elderly, has been accepted 
as bene fi cial for health. The present study suggests that although perinatal taurine 
excess alone may have minimal effect on cardiovascular control, high sugar intake 
after weaning can modify the barore fl ex function mediated by estrogen and renin–
angiotensin system. In the female rat, the estrogen rather than the renin–angiotensin 
system plays a protective role on the adverse effects of a high sugar diet.      
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