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Preface

The twentieth International Taurine Meeting was held from May 23 to 27, 2016, at
the Plaza Hotel in downtown Seoul, South Korea. The focus of the meeting was
“Taurine and Brain Function,” which is a promising area of recent taurine research.
In accordance with the aim of the meeting, important information was presented
and discussed on the pathology and potential treatment of various CNS diseases, as
well as the function of taurine as a neuroregulator, cytoprotective agent, and impor-
tant nutrient. Presentations in other sessions discussed the role of the beta-amino
acid, taurine, in the regulation of energy metabolism, gene expression, cell signal-
ing, inflammation, apoptosis, blood pressure regulation, exercise physiology, cel-
lular development, and alcohol toxicity. Enthusiastic and provocative discussions of
the new findings and their meaning were initiated by the participants, which included
scientists from 15 countries.

Taurine is a simple compound but plays a fundamental role within the cell.
Although it is considered a semi-essential nutrient in man, there is little doubt that
taurine is essential for normal cellular function. It has been 46 years since the initial
taurine meeting was organized by Dr. Ryan Huxtable in Tucson, Arizona. During
that time, much has been learned about the physiological functions of taurine and
the mechanisms underlying those actions. In addition, taurine exerts numerous
nutritional and pharmacological actions, many of which are mediated by undeter-
mined mechanisms. As the field moves from the benchtop to the bedside, these
mechanisms assume clinical relevance. Also important are potential interactions
between taurine and specific cellular processes, as well as untoward actions of tau-
rine. We look forward to future research addressing these clinically relevant
questions.

The twentieth International Taurine meeting also played a pivotal role in the
future development of the taurine field, as participants approved the creation of an
International Taurine Society, which was given marching orders to facilitate future
taurine meetings, promote scientific collaborations, advance the clinical importance
of taurine, and create a taurine journal.



vi Preface

The organizers of the meeting would like to express their sincere thanks to the
participants for ensuring a successful meeting. We would also like to acknowledge
Red Bull GmbH of Vienna, Austria, the Seoul Metropolitan Government and Dong
A Pharmaceutical Company of Seoul, South Korea, for their generous support.

Seoul, South Korea Dong-Hee Lee
Mobile, AL Stephen W. Schaffer
New York, NY Eunkyue Park

Seoul, South Korea Ha Won Kim



Eulogy for Dr. Rebel

Gérard Rebel, Ph.D., Directeur de Recherche at the CNRS, died on June 21, 2015.
Born on February 1935 in Selestat-France, Dr. Rebel received his doctoral
degrees from the University of Strasbourg, France. Gerard began his career first as
a technician at the laboratory of Professor P. Mandel (1957-1958), then as a research
fellow at the Department of Biochemistry at the University/Medical School of
Strasbourg and at the Center of Neurochemistry CNRS Strasbourg. In October
1959, he did his military service in the army, spent first at the Department of
Bacteriology at the Military Hospital in Lyon, thereafter serving during the war in
Algeria in the operating theater until 1962. He received his Ph.D. in 1967 and rose
through the ranks at the CNRS to become Director of Research in 1979. In parallel,
he was also Associate Professor at the Faculty of Medicine in Strasbourg, teaching
biochemistry to medical students (1964—1984). Starting in 1980, he also provided
teaching in tissue culture technologies in continuing education for the Departement
d’Education Permanente de I’Université Louis Pasteur and consulting for industry.
The main early themes addressed in his research concerned the study of the struc-
ture and metabolism of lipids, mainly of glycolipids, first in bacteria and later in vari-
ous tissues of mammals and of their derived cultures. He addressed brain lipid
metabolism and its modulation, with studies covering the full panel of lipid species
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viii Eulogy for Dr. Rebel

expressed during brain development in animal models and in brain cell cultures (FA,
gangliosides, sulfatides phospholipids, efc.). He showed among others induction at the
transcriptional level of enzymes responsible for catabolism of glycolipids caused by
HEPES buffer used in tissue culture media. This naturally led him to take an interest in
achieving physiologically more appropriate models addressing homeostasis and to
study taurine metabolism and uptake in cultured brain cells. He demonstrated the
coexistence and properties of two taurine uptake systems in cultured glial and in gli-
oma cells, together with the differential regulation of taurine transport by protein
kinase C in astrocytic and neuronal cells. In 1994, having moved to the Institut des
Cancers de I’ Appareil Digestif (IRCAD) (Professor Marescaux, director, Strasbourg),
his interest focused on the characterization of taurine uptake systems in multidrug-
resistant human colon cancer cells and oral epidermoid carcinoma cells in relation to
ABCBI transporter expression. Characterization of two saturable taurine uptake sys-
tems together with a taurine diffusion component was achieved in several multidrug-
resistant cell lines and in their chemosensitive counterparts. With emphasis given to
physioxia, studies were devoted to the antioxidant properties of taurine under condi-
tions reproducing tumor oxygenation status and to its effect on the action of antineo-
plastic drugs in MDR and non-MDR cancer cells.

All his life was devoted to fundamental science and improving tissue culture
practices. He was the pioneer of culture technologies of brain cells and visionary for
the need to practice cell culture under physiological oxygen pressure (physioxia).
He always encouraged everyone to leave the beaten track of conventional science.
He shared his experience through numerous seminars, books, and teaching.

He was member of the European Society for Cell Culture, of the French Society
of Pharmacology and Toxicology in Cultured Cells, and of the French Society of
Biochemistry and Molecular Biology. He was a member of the Editorial Board of
Anticancer Research and a member of the International Scientific Advisory Board
of the International Institute of Anticancer Research.

He was an absolutely unconditional supporter of the “Current Contents” booklet
that he used to read from beginning to end. He carried it everywhere and would
consult it wherever he was. He knew all of its content, better than an Internet search
engine. Rebel’s “questions” at neuroscience and oncology meetings were a well-
known happening for the old timers and a surprise for the young scientists whose
ideas were challenged by the discrete man with a French accent.

Gerard was born in a family of three brothers and was always attracted by sci-
ence. His personal life was challenged by deep events. His marriage to his first wife
Michele in 1962 was blessed with three children Viviane, Thierry, and Anne. A few
years later, in 1980 he had the pain of losing his wife, and his son followed the fate
of his mother in 1991.

He met his second wife Isabelle during her doctoral training and married her in
1998. They worked in synergy at the IRCAD for their common passion devoted to
cell biology and cancer research until his effective retirement in 2010. He was suf-
fering for years from a painful chronic disease to which he finally succumbed.

He was also a man of great goodness, a philosopher at times, of great erudition—
he had read all the founding religious books, knew world history in great detail, and
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was able to exchange ideas on many spiritual planes. As said by other great scien-
tists, he was convinced that “God does not play dice with the universe” but also by
the well-known reply “Who are we to tell God what to do?”. He always meant that
rigor and humility should guide the reflection of scientific thought. His knowledge
was accompanied by a simplicity that was rare in today’s world. His kindness mani-
fested in many ways; he was always ready to help others tactfully and discretely.

Stephen W. Schaffer

Mobile, USA



Eulogy for Dr. Chesney

Dr. Chesney was a pioneer researcher in the field of taurine and taurine transporter
studies. He has discovered that taurine transporter is a cell membrane surface pro-
tein using genetic mice models and published his findings in the Journal of Clinical
Investigation 40 years ago. Since then, his lab has made great contributions to the
field by characterization of taurine transporter gene regulation and functions. Dr.
Chesney was an amazing mentor. He touched my hearts and minds and enabled me
to become much more than I ever would have.

Dr. Chesney also applied his knowledge of taurine and vitamin D to support the
addition of taurine to human infant formulas and to help treat polar bear cubs in
zoos around the country. He discovered that distortion of the polar bear cub bones,
or rickets, was being caused because the cows’ milk they were given did not contain
the same amounts of taurine and vitamin D found in polar bear milk. Polar bear cubs
in zoos get extra taurine today, thanks to Dr. Chesney.

Serving as chair for more than 23 years of the Department of Pediatrics at the
University of Tennessee Health Science Center (UTHSC) and Le Bonheur Children’s
Hospital, Russell W. Chesney, M.D., worked tirelessly to advance the field of pedi-
atric nephrology.

xi



xii Eulogy for Dr. Chesney

Among his contributions as a researcher and clinician-scientist in pediatric
nephrology are the first use of captopril in children to treat high blood pressure and
diabetic kidney problems; the first use of calcitriol to treat children with renal osteo-
dystrophy, a bone disease that occurs when kidneys do not maintain proper calcium
and phosphorus levels in the blood; and a decade long NIH-sponsored collaborative
study to look at the use of antibiotics to prevent urinary tract infections in children
with vesicoureteral reflux, a condition that occurs when urine from the bladder
flows backward into the kidneys.

As amazing of a scientist as he was, he was an even better mentor and friend. Not
a single discovery goes by in our lab without me missing him immensely to discuss
and get his take on it. I miss you, Dr. Chesney. We all in the international taurine
community miss you!

With deepest respect,

Xiaobin Han, M.D., Ph.D.

University of Tennessee Health Science Center



Eulogy for Dr. Sturman

IN MEMORY OF

JOHN A. STURMAN—August 10, 1941-November 29, 2016

Dr. John Sturman worked at NYS Institute for Basic Research in Developmental
Disabilities from July 1, 1967, until his retirement on August 18, 1997. Dr. Sturman
was diagnosed with chronic myeloid leukemia (CMI) in 1996 at age 54. At that time
he was considered too old for a bone marrow transplant, the only curative treatment
for CML. His successful transplant and recovery helped open the door to transplants
for older patients.

John studied taurine deficiency using a feline animal model, which led to the
discovery that taurine should be included in infant formula. His research is focused
on understanding the role of taurine in reproduction as well as brain and eye devel-
opment. Due to low cysteine dioxygenase and cysteine sulfinic acid decarboxylase,
taurine is an essential amino acid in the cat and a conditional essential amino acid
in nonhuman primates.

John was one of the initial leaders for establishing International Taurine Meeting
(ITM). His dedication to taurine research and ITM led to the development of
International Taurine Society in 2016 at the Seoul Meeting. John’s passion toward
taurine research will not be forgotten.

Georgia Schuller-Levis

Eunkyue Park
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Taurine and Brain Health



Is Taurine a Biomarker in Autistic Spectrum
Disorder?

Eunkyue Park, Ira Cohen, Maripaz Gonzalez, Mario R. Castellano,
Michael Flory, Edmund C. Jenkins, W. Ted Brown,
and Georgia Schuller-Levis

Abstract Taurine is a sulfur-containing amino acid which is not incorporated into
protein. However, taurine has various critical physiological functions including
development of the eye and brain, reproduction, osmoregulation, and immune func-
tions including anti-inflammatory as well as anti-oxidant activity. The causes of
autistic spectrum disorder (ASD) are not clear but a high heritability implicates an
important role for genetic factors. Reports also implicate oxidative stress and
inflammation in the etiology of ASD. Thus, taurine, a well-known antioxidant and
regulator of inflammation, was investigated here using the sera from both girls
and boys with ASD as well as their siblings and parents. Previous reports regarding
taurine serum concentrations in ASD from various laboratories have been contro-
versial. To address the potential role of taurine in ASD, we collected sera from 66
children with ASD (males: 45; females: 21, age 1.5-11.5 years, average age
5.2 £ 1.6) as well as their unaffected siblings (brothers: 24; sisters: 32, age 1.5-17
years, average age 7.0 = 2.0) as controls of the children with ASD along with par-
ents (fathers: 49; mothers: 54, age 28—45 years). The sera from normal adult con-
trols (males: 47; females: 51, age 28—48 years) were used as controls for the parents.

E. Park (P<) ¢ G. Schuller-Levis

Departments of Developmental Neurobiology, NY State Institute for Basic Research in
Developmental Disabilities, 1050 Forest Hill Rd, Staten Island, NY 10314, USA
e-mail: EUNKYUE.PARK @opwdd.ny.gov

1. Cohen * M. Gonzalez
Department of Psychology, NY State Institute for Basic Research in Developmental
Disabilities, Staten Island, NY 10314, USA

M.R. Castellano
Division of Hematology/Oncology, Division of Research, Department of Medicine, Staten
Island University Hospital-Northwell Health, Staten Island, NY 10305, USA

M. Flory
Department of Infant Development, NY State Institute for Basic Research in Developmental
Disabilities, Staten Island, NY 10314, USA

E.C. Jenkins * W. Ted Brown
Department of Human Genetics, NY State Institute for Basic Research in Developmental
Disabilities, Staten Island, NY 10314, USA

© Springer Science+Business Media B.V. 2017 3
D.-H. Lee et al. (eds.), Taurine 10, Advances in Experimental Medicine
and Biology 975, DOI 10.1007/978-94-024-1079-2_1


mailto:EUNKYUE.PARK@opwdd.ny.gov

4 E. Park et al.

Taurine concentrations in all sera samples were measured using high performance
liquid chromatography (HPLC) using a phenylisothiocyanate labeling technique.
Taurine concentrations from female and male children with ASD were 123.8 + 15.2
and 145.8 = 8.1 pM, respectively, and those from their unaffected brothers and
sisters were 142.6 =+ 10.4 and 150.8 + 8.4 pM, respectively. There was no significant
difference in taurine concentration between autistic children and their unaffected
siblings. Taurine concentrations in children with ASD were also not significantly
different from their parents (mothers: 139.6 + 7.7 pM, fathers: 147.4 +7.5 uM). No
significant difference was observed between adult controls and parents of ASD
children (control females: 164.8 +4.8 uM, control males: 163.0 +7.0 pM). However,
21 out of 66 children with ASD had low taurine concentrations (<106 pM). Since
taurine has anti-oxidant activity, children with ASD with low taurine concentrations
will be examined for abnormal mitochondrial function. Our data imply that taurine
may be a valid biomarker in a subgroup of ASD.

Keywords Taurine ® ASD * Mitochondrial dysfunction ¢ Antioxidant

Abbreviations

ASD  Autistic spectrum disorder
PITC  Phenylisothiocyanate
HPLC High performance liquid chromatography

1 Introduction

Autistic spectrum disorder (ASD) is a neuro-development disorder affecting an esti-
mated 1 in 68 children in the US (CDC 2014). ASD is characterized by impairments
in social reciprocity and communication and by abnormal repetitive behaviors,
movement patterns and sensory interests (American Psychiatric Association 2013).
Co-morbid conditions commonly associated with ASD include gastrointestinal
disease, epilepsy and dysbiosis (White 2003), autoimmune disease and intellectual
disability (Sweeten et al. 2003; Bolte and Poustka 2002). The etiology of ASD is
unclear, but genetic factors are important. Current heritability estimates for ASD are
on the order of 50-55% in several studies (Sandin et al. 2014; Gaugler et al. 2014).
Further, the risk for siblings of a child with ASD is more than 10 times higher than
for siblings of a non-ASD child (Ozonoff et al. 2011; Chawarska et al. 2014).

In order to understand the underlying pathogenesis of ASD, several research
groups have conducted evaluations of potential candidate causative genes (Nakagawa
and Chiba 2016; Bourgeron 2016; Geschwind and State 2015) but no single gene has
been found to be causative for ASD. It has been recently postulated that the increas-
ing rates of diagnosed ASD and the less than 100% monozygotic concordance of
ASD support a more inclusive reframing of ASD as a multi-system disorder with
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both genetic influences and environmental contributions (Sealey et al. 2016).
Environmental factors including inflammation due to various infections (Patterson
2011), oxidative stress and biohazardous chemicals including pesticides and plastics
have being considered as potential contributors to ASD (Chauhan and Chauhan 2006;
Nakagawa and Chiba 2016). Recent studies also suggest that innate immunity may
have a pivotal role in the pathogenesis of ASD and future therapies could involve
immune modulation (Vargas et al. 2005; Onore et al. 2012). Hallmarks of ASD
include cerebellar migration abnormalities and Purkinje cell loss (Hampson and Blatt
2015; Wegiel et al. 2015). TH1/TH2 dysregulation, an increase in CNS chemokines,
increased NO, HLA association, increased microglial activation, and astrocytosis
demonstrate the role of immunity in ASD (Vargas et al. 2005; Ashwood et al. 2006).

Taurine, an amino acid containing sulfur, is a unique abundant amino acid in various
tissues, especially the brain and leukocytes, and it modulates the innate immune
response via inhibition of various cytokine production in human and rodents (Park et al.
1993, 1995, 1998, 2002; Schuller-Levis and Park 2006). Taurine plays an important
role in several essential biological processes such as development of the eye and brain,
reproduction, immune function including anti-inflammatory activity, anti-oxidant
activity, membrane stabilization and osmoregulation (Schuller-Levis and Park 2003,
2006). Supplementation of taurine has been shown to prevent oxidant-induced damage
(Schuller-Levis et al. 1995, 2009) while deficiency of taurine in a cat leads to immune
activation in the CNS with Purkinje cell loss, microglial activation and astrocytosis,
similar to that observed in the ASD brain (Sturman 1993; Vargas et al. 2005; Hampson
and Blatt 2015).

Therefore, to examine whether taurine may be involved in the pathogenesis of
ASD, we determined taurine concentrations in sera from children with ASD in com-
parison with unaffected siblings and their parents who in turn were compared to
adult controls.

2 Materials and Methods

2.1 Reagents

Chemicals used in this study were purchased from Sigma Chemicals (St. Louise,
MO) if not otherwise noted. Column for HPLC was obtained from Waters corporation
(Milford, MA).

2.2 Sample Collection

Our investigation involving human subjects has been approved by the Institutional
Review Board (IRB) of the New York State Institute for Basic Research in
Developmental Disabilities in accordance with the NIH Guide and Federal Wide
Assurance FWA00006105. Blood samples were collected from children with ASD
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and their siblings as well as their parents in families from the same population
located in the NYC area to limit differential influences of external environmental
factors, e.g., air pollution and water contaminations. Variety of diet, differences in
child care, maternal and children’s diets, exposures to customs and preferences
associated with households, and other non-specific environmental factors, were not
controlled because relevant conditions associated with the development of ASD are
not yet established. The diagnosis of ASD was carried out using various methods
including the Autism Diagnostic Interview (ADI), the Autism Diagnosis Observation
Schedule (ADOS) and the PDD Behavior Inventory (PDDBI) (Lord et al. 1994;
Lord et al. 2000; Cohen 2003; Cohen et al. 2003, 2016) with all cases verified based
on DSM-IV or DSM-IV-TR criteria. Sixty six children with ASD were recruited for
this study including 21 girls and 45 boys (age range: 1.5-11.5 years). Blood sam-
ples were collected from 66 children with ASD, 55 unaffected siblings (age range:
1.3-17.4 years), 102 parents (age range 27-45 years) and 99 adult controls for
parents (age range: 25-48 years). A summary of subjects used in this study and
diagnosis of subjects using various diagnostic methods for ASD is shown in Table 1.
Also shown is the severity of adaptive functioning based on the Vineland Adaptive
Behavior Scales.

Diagnostic status was assessed, in most cases, using the ADOS or ADI-R or
both, in addition to the PDDBI. Briefly, the ADOS is filled out based on observa-
tions made during the assessment. The ADOS protocol involves a series of tasks
presented by a trained person. The sophistication of the task varies according to
the language level of the person assessed. The reactions of the probands are coded,
and a diagnostic algorithm is then employed to arrive at a diagnosis of autism,
ASD, or neither of these. The examination takes about 30-45 min to complete,
depending on the module used. Sensitivity and specificity for ASD vs. other diag-
noses are quite good for all modules. The ADI-Revised (ADI-R) (Lord et al.
1994), a briefer version of the ADI, is a parent interview. The ADI-R takes about
2 h to administer and can be used to classify children as young as 2 years of age if
their mental age is greater than 18 months. Sensitivity and specificity are excellent
(96% and 92%, respectively). The PDDBI is a rating scale filled out by parents
and teachers that is designed to assess response to intervention in children with
PDD. It consists of subscales that measure both maladaptive and adaptive behav-
iors and also provides a summary “autism score” reflective of the severity of the
condition. The scale has been shown to have very good internal consistency as
well as developmental and construct validity and recently, very good diagnostic
validity (Cohen et al. 2016).

Ninety nine sera from healthy adult controls (female; 51 and male; 47) were
provided from Staten Island University Hospital, Staten Island, NY. Blood samples
were collected with IRB approval in Staten Island University Hospital in accor-
dance with the NIH Guide and Federal Wide Assurance FWA00006105.
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Table 1 Demographic and clinical characterization of children with autistic spectrum disorder

1. Demographic characteristics

Autism Sibling Parents Controls of
parents
Sex
Female 21 32 54 51
Male 45 24 49 47
Total 66 55 102 98
Age
Range 1.5-11.5 years 1.3-17.4 2745 27-48 years
years years
Average 52+1.6* 7.0+2.0
Ethnic
Hispanic 7
Causian 52
Causian/ 3
Hispanic
Asian 4
2. Clinical characteristics
Vineland®
Typical 9
Border 3
Mild 31
Moderate 17
Severe 6
ADI Broad 2
spectrum
Autism 31
N/AY 7
ND¢ 26
ADOS Autism 52
Spectrum 2
N/A 2
ND 10
PDDBI-autism score®
Average 50.6x1.5
N/A 5
Diagnosis Autism 53
Rett-like 1
PDDNOS 11
Residual 1

(continued)
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Table 1 (continued)

“Data presented as mean + SE

VINELAND LEVELS

TYPICAL > =85

BORDERLINE > =70

MILD > =55

MODERATE > =40

SEVERE > =25

PROFOUND < 25

‘PDDBI-autism score: The PDDBI is a standardized assessment for children with autism and its
AutismT-score reflects problems with repetitive behaviors, social behaviors and language. The
higher the score, the greater the severityThe mean (SD) for ASD is 50(10)

IN/A means not done because the child is too young or the language level is less than 2 years. Or
if an early case, training on ADOS was not yet done or the PDDBI had not yet been developed as
an assessment tool

°ND means no test because the diagnosis relies on observations and the ADOS and/or the PDDBI
fResidual means person once had typical autism but has shown marked improvement

2.3 Taurine Determination

The taurine concentrations were determined using HPLC (Waters, Milford, MA)
(Park et al. 2014). Briefly, sera were mixed with 5% TCA and centrifuged for
removal of proteins. After samples were dried using a Speedvac (Savant, Holbrook,
NY), they were derivatized using phenylisothiocyanate (PITC) and separated using
a C18 column with a gradient of acetate buffer containing 2.5% acetonitril (pH 6.5)
and 45% acetonitril solution containing 15% methanol at 45 ° C. The flow rate was
1 mL/min. Taurine concentrations were determined by comparison to a standard.

2.4 Statistical Analysis

Taurine concentrations of male vs. female probands with ASD, male vs. female adult
controls, and parents vs. unrelated adult controls were compared in unmatched t-tests,
with Welch’s correction for unequal variances applied in the male-female proband
comparison. Taurine levels of probands vs. siblings and probands vs. parents were
compared in matched t-tests. A two-way ANOVA with an interaction term was used
to test for any interaction of sex and relationship status in determining taurine con-
centrations of adult controls. These sex effects were examined because the literature
suggests that females with ASD are more severely affected than males with ASD
(Cohen et al. 2016). All comparisons were performed in Stata 13.1 (StataCorp. 2013.
Stata Statistical Software: Release 13. College Station, TX: StataCorp LP).

3 Results and Discussion

To determine the possible role of taurine and its association with ASD, the concentra-
tions of taurine were measured in sera from children with ASD, their families and
age-matched adult controls. Demographical and clinical characteristics of children
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with ASD are summarized in Table 1. Most of the subjects in this study were Caucasian
(79%). Blood samples were collected in a limited area less differentially influenced
by geographical conditions including water or air pollution. The ratio of boys to girls
(2to 1) in ASD subjects in this study is different from the normal ratio in ASD (4 to 1).
The majority of children in this study are diagnosed as having mild and moderate
adaptive impairment by the Vineland (73%). Among the children in this study 80%
and 17% of probands were diagnosed as ASD and PDD-NOS, respectively.

Taurine concentrations from female and male children with ASD were
123.8 £ 15.2 and 145.8 + 8.1 pM, respectively, and those from their unaffected
brothers and sisters were 142.6 + 10.4 and 150.8 + 8.4 pM, respectively (Figs. 1
and 2). There was no significant difference in taurine concentration between autistic
children and their unaffected siblings. Taurine concentrations in children with ASD
were also not significantly different from their parents (mothers: 139.6 + 7.7 pM,
fathers: 147.4 + 7.5 pM). No significant difference was observed between adult
controls and parents of ASD children (control females: 164.8 + 4.8 uM, control
males: 163.0 = 7.0 pM).

We found that taurine concentrations (<106 pM) from 21 (10 females and 11
males) out of 66 children with ASD were remarkably lower, compared to the aver-

Fig. 1 Taurine 400~
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age taurine concentrations of controls (Table 2) and this effect was more evident in
females with ASD, with 48% having low concentrations vs. 24% in males with
ASD. Taurine concentrations in 9 ASD out of 21 ASD are lower than average of
their families (Table 2).

Taurine concentrations in ASD children have been determined in several labora-
tories. However, the reports are controversial, with some studies showed higher tau-
rine concentrations in autistic groups (Moreno et al. 1992; Moreno-Fuenmayer et al.
1996; Tu et al. 2012), no change (Aldred et al. 2003; Arnold et al. 2003) or lower
(Geier et al. 2009; Ghabizadeh 2013), compared to controls. Geier et al. studied
transsulfuration biomarkers including plasma cysteine, reduced glutathione (GSH),

Table 2 Summary of low taurine concentrations in children with ASD and their family

ASD | Diagnosis*| sex| Taurine | M~ F S B1 B2 AV**
1 Mild F 19.1 362.0| 25.7 | 56.0 | 21.2 34.8
2 Mild F 26.5 177.2 | 205.7 166.8 183.2***
3 Mild F 101.0 | 105.5| 138.8| 98.8 114.4
4 Mild F 93.3 72.6 | 104.5 111.1 96.1
5 Mild F 57.0 108.5| 96.7 102.6
6 Mild F 105.1 108.2 | 109.6 | 90.9 102.9
7 Mild F 90.9 108.2 | 109.6 | 105.1 107.6
8 Mild F 85.0 121.1 1211
9 Mild F 39.3 96.3 | 194.5 145.4
10 Severe F 91.7 77.9 | 119.9 91.7 96.5
11 Typical M 101.8 174.8| 87.2 156.6 | 1124 139.5
12 Border M 100.9 777 | 69.1 | 59.1 | 71.3 69.3
13 Mild M 54.3 86.4 | 723 79.4
14 Mild M 97.6 92.1 | 102.1| 88.6 94.3
15 Moderate | M 79.8 98.9 | 166.6 132.8
16 Moderate | M 97.5 109.7 | 80.0 | 152.0 114.0
17 Typical M 58.7 79.8 | 57.8 189.6 | 154.6 120.5
18 Mild M 74.3 88.2 | 110.0 98.9
19 Mild M 78.6 779 | 119.9 78.6 92.1
20 Typical M 78.1 1925 | 77.2 75.6 115.1
21 Moderate | M 86.6 80.4 | 142.6 237.4 153.5

*Diagnosis was done using the Vineland.

** AV means average taurine concentrations in families with ASD children.

***Taurine concentrations in ASD families are higher than in ASD (gray).

AM, F, S, B1 and B2 stand for mother, father, sister, brother 1 and brother 2, respectively.
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oxidized glutathione (GSSG), total sulfate and free sulfate as well as plasma taurine.
They found all biomarkers including taurine in children with ASD were decreased
compared to controls. Two groups (Aldred et al. 2003; Arnold et al. 2003) investi-
gated not only taurine but also other amino acids. Aldred et al. demonstrated that
taurine levels in children with ASD were not changed compared to controls while
glutamic acid, phenylalanine, asparagine, tyrosine, alanine and lysine were
increased. The Arnold group studied autistic children with an unrestricted diet vs.
gluten/casein restricted diet. Taurine was not changed in either group but isoleucine,
leucine, tyrosine and lysine were decreased only in the restricted diet group. Our
findings from the largest group of subjects (n = 66) demonstrated that mean taurine
concentrations in children with ASD were not significantly different from unaffected
siblings as controls as well as from their parents and adult controls, confirming data
from Aldred and the Arnold groups. Using metabolomic technology and 'H-*C
NMR, urinary taurine was measured in children with ASD (Mavel et al. 2013; Ming
et al. 2012; Yap et al. 2010). The reports from Mavel et al. and Ming et al. demon-
strated that taurine from children with ASD was increased in urinary samples,
compared to controls. Correlation of taurine between sera and urine in ASD may
provide a possible biomarker of ASD.

Despite the fact that there were no overall group mean difference, the fact that a
significant number of children had low taurine levels is interesting. Since children
with ASD have food selectivity based on taste, texture preferences and/or persevera-
tive behaviors, a balance of nutrition has been required to maintain health (Arnold
et al. 2003). One explanation of low taurine concentrations may be due to food
preference in the family’s or children’s diet. If these families prefer vegan diets (no
taurine concentrations), they will have low taurine concentrations because humans
require dietary taurine due to low levels of cysteine dioxygenase and cysteine
sulfinic acid decarboxylase (Huxtable 1999). A different sex ratio was also observed
in the low taurine group. The ratio of males to females was 1:1 in the low taurine
concentration group, while the normal ASD male to female ratio was 4:1 (Table 2).
These results may imply that low taurine levels could be involved in increased
seizure risk since females with ASD tend to be more severely affected including
increased seizure activity (Cohen et al. 2016). Junyent et al. demonstrated that mice
with taurine supplementation were protected from kainic acid-induced seizure
(Junyent et al. 2009).

Mitochondrial dysfunction has been reported in ASD from various laboratories
(Giulivi et al. 2011; Oliveira et al. 2005; Frye and Rossignol 2011; Rossignol and
Frye 2012). Impaired mitochondrial function is frequently caused by an abnormal-
ity in the mitochondrial respiratory chain, the final common pathway for aerobic
metabolism. Giulivi et al. demonstrated that children with ASD were more likely to
have mitochondrial dysfunction including respiratory chain reactions, mtDNA dele-
tion and mt DNA overreplication, than typically developing children. Data from a
population-based study (Oliveira et al. 2005) indicated that a defect in oxidative
phosphorylation might be one of the most common medical conditions associated
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with ASD. A meta-analysis of studies of mitochondrial dysfunction in autism disor-
ders by Rossignol and Fyre showed that the prevalence of mitochondrial disease in
the ASD population was much higher (5%) than found in the general population
(~0.01%). Taurine has important actions within mitochondria although the
antioxidant activities of taurine has been largely attributed to events outside the
mitochondria (Schuller-Levis and Park 2006). Parvez et al. (2008) found that taurine
pretreatment significantly reduced mitochondrial superoxide generation and lipid
peroxidation in tamoxifen-treated animals. Taurine appears to be linked to a
conjugation reaction between taurine and the wobble uridine of tRNAMUUR)
forming the product S5-taurinomethyluridin-tTNA™“VR) " This translational
conjugation reaction is important because it substantially strengthens the interaction
between the UUG codon of leucine mRNA and the AAU anticodon of tRNAMUUR):
Thus, the decoding of UUG in the presence of conjugation—free tRNAMUUUR) jg
severely diminished, resulting in reduced expression of UUG dependent
mitochondria encoded protein. The most UUG dependent proteins are subunits of
electron transport chain complex I. Therefore, in the taurine deficiency, the activity
of complex I is dramatically reduced, forming superoxide production (Shimada
et al. 2014). Taurine treatment reversed this oxidative stress in taurine deficient car-
diomyocytes and fibroblases (Jong et al. 2012). A recent study demonstrated that
taurine reversed P-alanine toxicity in the mitochondria (Shetewy et al. 2016).
[-alanine reduces cellular levels of taurine which are required for normal respiratory
chain reaction; cellular taurine depletion is known to reduce respiratory function
and elevate mitochondrial superoxide generation. Due to the antioxidant activities
of taurine through respiratory chain reactions, children with lower taurine compared
to average taurine of their family are a subgroup of ASD to examine for abnormal
mitochondrial function (Table 2).

Although treatment for ASD is limited, a few promising drugs have been
investigated in various laboratories (Erickson et al. 2011; Kern et al. 2011; Singh
etal. 2014; Naviaux et al. 2014). Acamprosate containing taurine, an FDA approved
drug, for maintenance of abstinence from alcohol in adults, is a novel agent with
multiple mechanisms of action. This study has a limitation due to a lack of controls
and the number of subjects (n = 6), although results showed improvement of
language understanding, social language and eye contact (Erickson et al. 2011).
Sulforaphane, an isothiocyanate derived from broccoli, significantly improved
social interaction, abnormal behaviors and verbal communication in ASD (Singh
et al. 2014). A single dose of suramin (20 mg/kg), an antipurinergic agent, in mice
also demonstrated that autism-like behaviors, novelty preference and metabolism
were improved, indicating purine metabolism is a master regulator of behavior and
metabolism in maternal immune activation model mice (Naviaux et al. 2014).
Recently Wink et al. demonstrated that a randomized placebo-controlled pilot study
of N-acetylcysteine (2016), an antioxidant, in youth with ASD showed an effect of
increasing glutathione production but no significant impact on social impairment.
We hypothesize that abnormalities of the innate immune system and oxidative stress
play an important role in the pathogenesis of ASD and that taurine and/or it
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metabolites can ameliorate the development of ASD when delivered at the
appropriate time and dosage. Dietary nontoxic taurine supplementation as a
therapeutic regimen for ASD at various stages of development including pregnancy
and infancy is a long-term goal.

4 Conclusion

Mean taurine concentrations in sera from 66 children with ASD (male: 45 and
female: 21) were not significantly different from unaffected siblings and their
parents, whose taurine concentration were also not significantly different from adult
controls. Low taurine concentrations (<106 pM) in sera from 21 children with ASD
were not characteristic of the taurine concentrations in their families. More females
with ASD had low taurine concentrations than males, Abnormality of mitochondrial
function may be considered in this subgroup of children due to the antioxidant activ-
ity of taurine. Therefore, taurine may be a valid biomarker in a subgroup of ASD.
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Functions of Maternally-Derived Taurine
in Fetal and Neonatal Brain Development

Shiro Tochitani

Abstract Taurine (2-aminoethanesulfonic acid) is a sulfur-containing organic acid,
which has various physiological functions, including membrane stabilization, cell-
volume regulation, mitochondrial protein translocation, anti-oxidative activity, neu-
roprotection against neurotoxicity and modulation of intracellular calcium levels.
Taurine also activates GABA, receptors and glycine receptors. Mammalian fetuses
and infants are dependent on taurine delivered from their mothers via either the
placenta or their mother’s milk. Taurine is a molecule that links mother-fetus or
mother-infant bonding.

This review describes the functions of taurine and the mechanisms of action of
taurine in fetal and brain development. Taurine is involved in regulating the prolif-
eration of neural progenitors, migration of newly-generated neurons, and the syn-
apse formation of neurons after migration during fetal and neonatal development. In
this review, we also discuss the environmental factors that might influence the func-
tional roles of taurine in neural development.
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Abbreviations

CNS Central nervous system
GABA  y-aminobutyric acid
NMDA  N-methyl-D-aspartate
TauT Taurine transporter

\W4 Ventricular zone

1 Introduction

Taurine (2-aminoethanesulfonic acid) is a sulfur-containing organic acid with vari-
ous physiological functions, including membrane stabilization, cell-volume regula-
tion, mitochondrial protein translocation, anti-oxidant effects, neuroprotection
against L-glutamate-induced neurotoxicity and modulating intracellular calcium
levels (Wu and Prentice 2010; Lambert et al. 2014). Taurine is structurally similar
to the neurotransmitter y-aminobutyric acid (GABA) and glycine and interacts with
both GABA, receptors and glycine receptors to induce chloride currents in neuronal
cells (Malminen and Kontro 1986; Kontro and Oja 1987a, b; Linne et al. 1996; Ye
et al. 1997; Yoshida et al. 2004). Of note, taurine is one of the most abundant neu-
rotransmitters in the developing mouse cortex (Benitez-Diaz et al. 2003).

Mammalian fetuses and infants are dependent on taurine given by their mothers
via either the placenta or mother’s milk. Taurine deficiency causes retinal degenera-
tion and growth retardation in infancy (Hayes et al. 1975; Hayes et al. 1980; Sturman
1988). Therefore, taurine is an intriguing molecule that links the mother-fetus or
mother-infant bonding.

This review provides an overview of the functions of taurine in brain develop-
ment and the signaling mechanisms involved in the development of neural cells by
taurine.

2 The Function of Taurine in Brain Development

2.1 Taurine in the Developing Brain

Taurine is one of the most abundant free amino acids in the developing central ner-
vous system (CNS: Huxtable 1989; Benitez-Diaz et al. 2003). In many species, tau-
rine concentrations in the fetal or neonatal brain are higher than in the adult brain.
The concentration of taurine in the Rhesus monkey occipital lobe increases in the
prenatal days before birth, while the concentration decreases gradually after birth,
reaching the level of adult brains at 200 days after birth (Sturman and Gaull 1975).



Functions of Maternally-Derived Taurine in Fetal and Neonatal Brain Development 19

The taurine concentration in fetal mouse brain and newborn mouse brain is greater
than that of an adult mouse brain (Sturman et al. 1977c¢). In rat brain, the taurine
concentration increases during the last part of gestation (Sturman et al. 1977c).

In mammals, taurine required for embryonic development is received from the
mother via the placenta, while neonates obtain taurine from the mother’s milk
(Sturman et al. 1977a, b; Sturman 1982). Taurine is a major constituent of the free
amino acid pool of milk in a number of species, second in concentration to gluta-
mate (Sturman et al. 1977¢). The concentration of taurine in rat milk is high for the
first few days after birth, and then decreases rapidly thereafter and by 1 week after
birth it maintains an approximately constant value (Sturman et al. 1977c¢). Like
breast milk, amniotic fluid is rich in taurine, which is found in greater quantities in
the amniotic fluid than in the maternal serum (Underwood et al. 2005). Although the
functional role of taurine in the amniotic fluid has not been clarified, its importance
during embryonic development has been implied.

2.2 The Function of Taurine in Mammalian Brain
Development

During the development of the CNS, cortical neurons are generated from neural
progenitors located in the ventricular zone (VZ; Go6tz and Huttner 2005). After ter-
minal mitosis, neurons differentiated from neural progenitors migrate to specific
areas. CNS development involves coordinated cellular events including the prolif-
eration and differentiation of neural progenitors, migration and outgrowth of axons
and dendrites, the formation of synapses, myelination, and programmed cell death of
neurons differentiated from neural progenitors. In cats, taurine levels can be dimin-
ished merely by a reduction of dietary taurine (Hayes et al. 1975). Kittens born from
dams exposed to taurine-deficient conditions exhibited a number of CNS abnormali-
ties such as continued mitosis of the cells in the cerebellar external granule cell layer
at postnatal week 8 (Sturman et al. 1985, 1986). Furthermore, the developing visual
cortices of the kittens contained neural stem cells aggregated in the VZ, having failed
to migrate and differentiate (Palackal et al. 1986). These observations suggest that
taurine has pivotal roles in the optimal proliferation, development, and maturation of
brain cells. Shivaraj et al. examined this possibility using neural stem cell cultures,
primary neuronal cultures, and organotypic brain slice cultures (Shivaraj et al. 2012).
Their results have shown that taurine increases cellular proliferation in the dentate
gyrus of the developing hippocampus by way of ERK1/2 signaling pathways with-
out having obvious influences on neural differentiation (Shivaraj et al. 2012). They
also observed that taurine supplementation of the primarily cultured neurons
enhanced the expression of Synapsin I and PSD95, factors associated with synaptic
development, suggesting that taurine stimulated synaptic formation. In the develop-
ing cortex, neurons derived from the VZ migrate radially through the intermediate
zone into the cortical plate to differentiate finally into glutamatergic neurons (Tan
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et al. 1998). Furukawa et al. first reported that the continuous blockade of GABA
receptors accelerated the radial migration of newly generated neurons, suggesting
GABAA receptors negatively regulated radial migration (Heck et al. 2007; Furukawa
et al. 2014). Because they did not observe any change in the radial migration of neu-
rons in GAD67-GFP knock-in mice (GAD67CFC™) " which lack GABA synthesis
and contains lower levels of GABA than wild type (GAD67**) and heterozygous
mice (GAD676™), they tested whether taurine functions as an agonist for GABA,
receptors (Tamamaki et al. 2003; Furukawa et al. 2014). Taurine-evoked currents
detected in migrating neurons were abolished by SR95531, a GABA, receptor
antagonist. In the cortices of taurine-deficient mouse embryos, whose mothers
received an intraperitoneal injection of D-cysteine sulfinic acid, a taurine synthesis
inhibitor, the tonic currents by GABA, receptors were significantly reduced, and
radial migration was enhanced. This indicated that taurine-evoked currents in the
migrating neurons were dependent on the activation of GABA, receptors by taurine
(Furukawa et al. 2014). They also reported that taurine uptake was blocked by a
taurine transporter (TauT) inhibitor, 2-(guanidine)ethanesulfonic acid, while taurine
release from the migrating cells was inhibited by a volume-sensitive anion channel
blocker, 4-(2-butyl-6,7-dichlor-2-cyclopentylindan-1-on-5-yl) oxobutyric acid
(Furukawa et al. 2014). Furthermore, nonsynaptically-released taurine was reported
to activate glycine receptors in the developing cortex (Flint et al. 1998; Yoshida et al.
2004). Glycine receptors o2 subunits are expressed in newly generated interneurons
(Avila et al. 2013b). Glycine promotes interneuronal migration via glycine recep-
tors, although taurine promotes interneuron cell migration independent of the activa-
tion of glycine receptors (Avila et al. 2013a, b).

2.3 The Functional Role of Taurine in Human Brain
Development

Although few studies have reported taurine concentrations in human fetal and neo-
natal brain or the function of taurine in human brain development, it has been
reported that taurine concentrations in the fetal human brain at 5 and 8 months
gestation were greater than that of adult human brains (Okumura et al. 1960;
Sturman et al. 1977¢). Human milk collected no earlier than 7 days after the start of
lactation contained 26-34 pmoles/100 mL of taurine (Sturman et al. 1977¢). An
epidemiological study showed that low plasma neonatal taurine in preterm babies
was associated with lower scores based on the Bayley mental development index at
18 months old and lower scales based on the Wechsler Intelligence Scale for
Children-revised (WISC-R) arithmetic test at 7 years old compared to the scores
and the scales of preterm babies with normal plasma concentration of taurine, sug-
gesting that nutritional conditions with low taurine level during the neonatal period
of preterm babies adversely affects later neurodevelopment (Wharton et al. 2004).
Therefore, the advantage of breast milk for the healthy neurodevelopment of off-
spring is partly due to taurine (Wharton et al. 2004).
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3 Environmental Factors Perturbing the Functional Role
of Taurine in Brain Development of Offspring: Association
with the Risks of Psychiatric Disorders

The concentration of taurine in the milk from taurine-deprived feline mothers was
reduced to 5.9% of that in milk from taurine-supplemented dams (Sturman et al.
1985, 1986). Apart from cats, the size of the intracellular taurine pool of most ani-
mal species remains constant even with significant reductions in dietary taurine
content (Ito et al. 2008); however, severe malnutrition during pregnancy might
cause fetal reduced taurine conditions in mothers, which may result in inhibition of
the healthy development of fetal brains. Consistent with this, exposure to famine in
early gestation increased the risks for adult schizophrenia in offspring (Susser et al.
1998; St. Clair et al. 2005; Xu et al. 2009; Schmitt et al. 2014). These findings sug-
gest taurine might be involved in the etiological mechanisms related to psychiatric
disorders in offspring exposed to severe malnutrition during gestation.

Taurine activates GABA, receptors and glycine receptors (Linne et al. 1996; Ye
et al. 1997; Flint et al. 1998). Taurine-evoked currents in migrating neurons are
mediated by GABA, receptors (Furukawa et al. 2014). In addition, GABA, recep-
tors and glycine receptors are the targets of ethanol (Harris et al. 2008). The most
relevant effects of ethanol on neural cells are the inhibition of N-methyl-D-aspartate-
type glutamate receptor function and its enhancement of GABA, and glycine recep-
tors (Harris et al. 2008). Ethanol functions as a positive allosteric modulator of
GABA, and glycine receptors (Mihic et al. 1997; Harris et al. 2008). These studies
suggest that alcohol drinking during pregnancy can perturb the interaction between
taurine and its receptors. Indeed, ethanol is a teratogenic substance. Ethanol con-
sumption during pregnancy can lead to CNS malformations such as microcephaly,
lissencephaly, cortical lamination defects, and cortical ectopias (Riley and McGee
2005). With regard to the biological bases of teratogenesis induced by ethanol, it has
been shown that embryonic exposure to ethanol disturbs the regulation of mitotic
spindle orientation of neural progenitors in the developing mouse neocortex by way
of GABA, receptors (Tochitani et al. 2010). Some anti-epileptic and anesthetic
drugs also act on GABA, receptors, and fetal exposure to these drugs can cause
brain malformations (Rho et al. 1996; Manent et al. 2007; Tochitani et al. 2010).
These studies indicate that fetal exposure to GABA, receptor-acting drugs can dis-
turb the interactions between taurine and its receptors in the developing brain.

As mentioned, mammalian fetuses are dependent on taurine transported via the
placenta (Sturman 1988) by way of the actions of TauT amongst other factors
(Heller-Stilb et al. 2002; Ito et al. 2008). Maternal obesity increases the risks of poor
pregnancy outcome such as stillbirth, pre-eclampsia, fetal growth restriction, and
fetal outgrowth, which are associated with dysfunctional syncytiotrophoblasts, the
outer transporting epithelium of the human placenta. Notably, the appropriate turn-
over of syncytiotrophoblasts is dependent on the activity of TauT (Desforges et al.
2013). Recently, it was reported that placental TauT activity was significantly lower
in obese woman than woman of ideal weight. However, there was no apparent
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Fig. 1 Taurine transfer from mother to fetus/infant. Environmental factors such as maternal
obesity and maternal malnutritional condition can adversely influence the transfer of taurine from
mothers to fetuses/infants. Taurine is involved in neural progenitor proliferation, neuronal
migration and synapse formation

difference in TauT expression between placentas of ideal weight and obese subjects
(Ditchfield et al. 2015). This suggests that placental TauT activity is reduced in
maternal obesity, which leads to lower syncytiotrophoblast taurine concentrations,
perturbation of placental development, and a reduction of the driving force for tau-
rine efflux from the placenta to the fetus, thus increasing the risk of poor pregnancy
outcome (Brett et al. 2014; Ditchfield et al. 2015). Obstetric complications are
potent risk factors for severe psychiatric disorders (Brown 2011; Schmitt et al.
2014). Maternal obesity has a long-term impact on offspring behavior and physiol-
ogy (Rivera et al. 2015). Many studies have reported that maternal obesity increases
the risks for various mental health disorders including autism spectrum disorder,
attention deficit hyperactivity disorder, anxiety/depression, schizophrenia, food
addiction, anorexia, and cognitive impairments (Rivera et al. 2015). These findings
imply that a low activity of transplacental delivery of taurine from the mother to the
fetus may underlie, at least in part, the etiological basis of psychiatric disorders
caused by maternal obesity and/or obstetric complications (Fig. 1).

4 Conclusion

This review highlights recent research demonstrating the functional roles of taurine
in brain development and the mechanisms involved. Taurine is the f-amino acid,
which is most abundant in the developing brain and is involved in the regulation of
neural progenitor proliferation, migration of newly-generated neurons, and synapse
formation of neurons after migration during fetal and neonatal development. Some
of its functions in neural cells are based on its agonist effect at GABA, receptors
and glycine receptors. In mammals, fetuses receive taurine from their mothers by
way of the placenta, whereas neonates obtain taurine from their mother’s milk.
Environmental factors such as maternal malnutrition and maternal obesity might
have adverse effects on the amount of taurine delivered to fetuses/neonates.
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Epidemiological studies demonstrate that maternal malnutrition and maternal obe-
sity can be potent risk factors for various psychiatric disorders. However, there has
been no published study demonstrating a direct link between alterations in taurine
delivery to fetuses and neonates and the etiological mechanisms of psychiatric dis-
orders, indicating a need for further research in this area.
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Taurine Supplementation Reduces Renal
Nerve Activity in Male Rats in which Renal
Nerve Activity was Increased by a High
Sugar Diet

Sasipa Rakmanee, Supaporn Kulthinee, J. Michael Wyss,
and Sanya Roysommuti

Abstract This study tests the hypothesis that taurine supplementation reduces sugar-
induced increases in renal sympathetic nerve activity related to renin release in adult
male rats. After weaning, male rats were fed normal rat chow and drank water con-
taining 5% glucose (CG) or water alone (CW) throughout the experiment. At 67
weeks of age, each group was supplemented with or without 3% taurine in drinking
water until the end of experiment. At 7-8 weeks of age, blood chemistry and renal
nerve activity were measured in anesthetized rats. Body weights slightly and signifi-
cantly increased in CG compared to CW groups but were not significantly affected by
taurine supplementation. Plasma electrolytes except bicarbonate, plasma creatinine,
and blood urea nitrogen were not significantly different among the four groups. Mean
arterial pressure significantly increased in both taurine treated groups compared to
CW, while heart rates were not significantly different among the four groups. Further,
all groups displayed similar renal nerve firing frequencies at rest and renal nerve
responses to sodium nitroprusside and phenylephrine infusion. However, compared
to CW group, CG significantly increased the power density of renin release-related
frequency component, decreased that of sodium excretion-related frequency compo-
nent, and decreased that of renal blood flow-related frequency component. Taurine
supplementation completely abolished the effect of high sugar intake on renal sym-
pathetic activity patterns. These data indicate that in adult male rats, high sugar intake
alters the pattern but not firing frequency of sympathetic nerve activity to control
renal function, and this effect can be improved by taurine supplementation.
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Abbreviations

BSRA-PE Baroreflex sensitivity control of renal nerve activity measured by
phenylephrine infusion

BSRA-SNP  Baroreflex sensitivity control of renal nerve activity measured by
sodium nitroprusside infusion

BUN Blood urea nitrogen

CG+T Control with high sugar intake plus taurine
CG Control with high sugar intake

Cr Plasma creatinine

CW+T Control with water intake plus taurine

Ccw Control with water intake alone

RVLM Rostral ventrolateral medulla

1 Introduction

Carbohydrates are the main source of energy for humans and animals; however,
regular consumption of high carbohydrate-low protein diets has been reported to
underlie hypertension (Jayalath et al. 2015; Klein and Kiat 2015; Xi et al. 2015). In
animal models, high sugar diets, particularly fructose and glucose, induce hyper-
tension by increasing sympathetic nerve activity and/or renin-angiotensin system
action (Tran et al. 2009). Our previous experiments indicate that male rats treated
with 5% glucose in drinking water for 4 weeks after weaning display renal dysfunc-
tion but not glucose intolerance or hypertension Further, these adverse effects are
abolished by short-term inhibition of the renin-angiotensin system (Roysommuti
et al. 2002). This high glucose intake does not affect resting autonomic nerve activ-
ity and baroreflex-mediated renal nerve activity in male and female rats (Roysommuti
et al. 2009; Thaeomor et al. 2010, 2013). However, other studies suggest that total
nerve activity to an individual organ, particularly the kidney, may not be very infor-
mative, because recorded total nerve activity contains several different groups of
axon, each of which has a slightly different function (DiBona 2005a, b).

Within the kidney, renal nerve fibers innervate three main renal structures; renin
releasing cells, renal tubules, and renal vessels, and each fiber type responds differ-
entially to different stimulus types and strengths (DiBona 2005a, b; Lupa et al. 2005).
Under normal conditions, efferent renal nerve activity is relatively low with both
firing frequency and firing synchronization differentially influencing renal function.
Different types of stimuli and stimulation patterns differently affect renal function.
For instance, renin release is activated at a very low frequency spectrum, while renal
tubular sodium reabsorption and renal blood flow respond are elicited at higher fre-
quency spectrum (DiBona 2005b). While direct renal nerve activity recording at the
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different innervation sites is difficult practically, power spectral analysis of renal
sympathetic nerve activity can differentiate frequency components, e.g., 0.5-1.5 Hz
(renin release), 1.0-2.5 Hz (sodium excretion), and 2.0-5.0 Hz (renal blood flow).
Several lines of evidence report that the renal nerve firing pattern rather than firing
rate most greatly affects renal function; i.e., different patterns of renal nerve activity
alter different renal parameters despite similar renal nerve firing rate (DiBona 2005b).

Epidemiological studies report an inverse relationship between the incidence of
cardiovascular diseases and consumption of high taurine diets (Yamori et al. 2010).
Low taurine intake is also related to hyperlipidemia and diabetes mellitus, and animal
studies support this inverse relationship. High taurine diets decrease the rate of age-
related organ damage, especially damage to the heart, blood vessels, brain, and kid-
neys (Huxtable 1992; Sturman 1993). Taurine reduces or delays diabetes mellitus and
prevents sugar-induced hypertension (Roysommuti and Wyss 2014). Further, the tau-
rine supplementation or diets high in taurine are reported to improve sugar-induced
hypertension by inhibition of renin-angiotensin system (Nandhini et al. 2004) and/or
sympathetic nervous system in adult animals (Anuradha and Balakrishnan 1999).
However, the effect of taurine supplementation on renal nerve activity and renin
release following high glucose intake has not been reported. The present study tests
the hypothesis that taurine supplementation reduces renal nerve activity in adult male
rats in which renal nerve activity was increased by a high sugar diet.

2 Methods

2.1 Animal Preparation

Sprague-Dawley rats were obtained from the National Laboratory Animal Center,
Mahidol University, Nakhon Pathom, Thailand. They were then treated at the Animal
Unit of Faculty of Medicine, Khon Kaen University, Khon Kaen, Thailand. Female
Sprague-Dawley rats were fed normal rat chow (C.P. Mice Feed 082) and tap water
from conception to weaning. Male offspring were fed the normal rat chow with
either 5% glucose in tap water (CG group) or tap water alone (CW group) through-
out the experiment. At 67 weeks of age, a half of rats in each group were supple-
mented with 3% taurine in tap water (CW + T and CG + T groups). Blood chemistry
and cardiovascular parameters were studied at 7-8 weeks of age in anesthetized rats.

All experimental procedures were approved by the Khon Kaen University
Animal Care and Use Committee (AEKKU 9/2557) and were conducted in accor-
dance with the National Institutes of Health guidelines.

2.2 Experimental Protocol

At 7-8 weeks of age, male rats were anesthetized with Nembutal (50 mg/kg, i.p.) and
implanted with femoral arterial and venous catheters and were then allowed to recover
in individual cages. Three days later, the male rats were anesthetized with Nembutal
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and tracheostomized, and arterial pressure was continuously recorded. After laparot-
omy, right renal sympathetic nerve was then exposed and its activity was continuously
recorded using stainless steel electrodes (12 M€, 0.01 Taper, Model 5727; A-M
System, Sequim, WA, USA) connected to a DAM-80 amplifier (DAM 80; World
Precision Instruments, Sarasota, FL, USA) and the BIOPAC Systems (BIOPAC
Systems, Goleta, CA, USA). Multiunit recording of renal nerve activity was con-
ducted only on nerve units that responded to changes in arterial pressure following
sodium nitroprusside or phenylephrine 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. At the end of the experiment, blood (volumes of about 1.0 mL)
were collected from abdominal aorta for non-fasting plasma sodium, plasma potas-
sium, plasma bicarbonate, plasma chloride, plasma creatinine, and blood urea nitro-
gen. Finally, all animals were euthanatized by Nembutal overdose and thoracotomy.

2.3 Data Analyses

Mean arterial pressure, heart rate, and renal nerve frequencies and patterns were
analyzed by using the Acknowledge software (BIOPAC Systems). The baroreflex
sensitivity control of renal nerve activity was calculated as a change in renal nerve
firing rate to a change in mean arterial pressure. Both hypertensive and hypotensive
baroreflex sensitivity values were analyzed.

The power spectral densities of renal sympathetic nerve activity between fre-
quencies 0.5-1.5 Hz stand for renin release, 1.0-2.5 Hz for sodium excretion, and
2.0-5.0 Hz for renal blood flow were analyzed by using fast Fourier transformation
(Hanning window, pad with zeros, remove mean, remove trend, and linear magni-
tude) (Acknowledge software; BIOPAC Systems). Each power spectral density was
normalized to the percent of total power spectral density (summation of the three
power spectral densities). In addition, the graph showing the pattern of the power
spectral density of renal sympathetic nerve activity in each group was averaged
from 7-12 rats by using Acknowledge software (BIOPAC Systems). The standard
error of mean for this pattern could not be interpreted in the present study.

Plasma sodium, plasma potassium, plasma bicarbonate, plasma chloride, plasma
creatinine, and blood urea nitrogen were measured by the Srinagarind Hospital
Laboratory Unit (Faculty of Medicine, Khon Kaen University).

2.4 Statistical Analysis

All data are expressed as mean + SEM. Statistical comparisons among the four
groups were performed by using one-way ANOVA followed by the post hoc Duncan’s
Multiple Range test (StatMost32 version 3.6, Dataxiom, CA, USA). The Wilcoxon
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signed-rank test was also used to find the difference between groups in renal nerve
frequencies and power spectral densities. The significant criterion is p < 0.05.

3 Results

3.1 General Characteristics

At 7-8 weeks of age, body weights slightly increased in CG compared to CW
(P<0.05), butnotin CW + T and CG + T groups (CW, 243 +3 g;CW+T,246+ 1 g;
CG, 253 £3 g; CG + T, 250 + 2 g), but heart weights were not significantly different
among the four groups (data not shown). In addition, plasma sodium, plasma potas-
sium, plasma chloride, plasma creatinine, and blood urea nitrogen were not signifi-
cantly different among the four groups, while plasma bicarbonate significantly
decreased in CG compared to CW + T and CG + T, but not CW groups (Table 1).

3.2 Hemodynamic Parameters

High sugar intake did not significantly increase mean arterial pressure in CG com-
pared to CW. Further, taurine supplementation slightly and significantly increased
mean arterial pressures in CW + T and CG + T compared to CW, but CW + T, CG,
and CG + T were not significantly different from each other (Fig. 1 upper). In addi-
tion, heart rates (Fig. 1 lower) and baroreflex sensitivity control of renal nerve
activity induced by both phenylephrine (BSRA-PE) and sodium nitroprusside infu-
sion (BSRA-SNP) (Fig. 2) were not significantly different among the four groups.

Table 1 General blood chemistry in experimental groups

Na* K* HCO5~ BUN
Parameters | (mEq/L) (mEq/L) | (mEq/L) CI~ (mEq/L) | Cr (mg/dL) | (mg/dL)
CcwW 1384+1.0 [48+0.3 (21.3+1.7 |10l.6x1.1 [023+0.02 |265=%1.6
(n=15)
CW+T 1394+1.3 |43+0.1 [242+06 |100.6x1.5 |[0.21+0.01 |21.5%1.0
(n=12)
CG 141415 (4302 [182«1.2F |101.1+1.0 1024+0.02 21912
(n=12)
CG+T 139.6 1.8 [44+£0.1 240+15 [99.1+1.3 0.22+0.02 [20.1+1.6
(n=9)

Values are mean + SEM; BUN blood urea nitrogen, Cr plasma creatinine, CW control with water
intake alone, CW + T control with water intake plus taurine, CG control with high sugar intake,
CG + T control with high sugar intake plus taurine; *°P < 0.05 compared to CW + T and CG,
respectively
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3.3 Renal Sympathetic Nerve Frequencies and Patterns

Multiunit recording of renal nerve activity indicates that high sugar intake since
weaning with or without taurine supplementation did not significantly affect renal
sympathetic nerve firing rates; i.e., the four groups displayed similar renal nerve
firing frequencies (Table 1).

Power spectral analysis of renal nerve activity indicates that the renal sympa-
thetic nerve activity pattern of CG group differed from the other three groups
(Fig. 3). Further, the power spectral density of the renin release-related frequency
component (0.5-1.5 Hz) significantly increased, that of sodium excretion-related
frequency components (1.0-2.5 Hz) significantly decreased and that of renal blood
flow-related frequency components significantly decreased in CG compared to CW
groups (Table 2). Although taurine supplementation did not significantly affect
these power spectral densities in CW + T compared to CW groups, it restored the
renal nerve activity pattern of CG to CW levels (Fig. 3).

55
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Fig. 3 Patterns of renal nerve activity in anesthetized male rats (CW control with water intake
alone, CW + T control with water intake plus taurine, CG control with high sugar intake, CG + T
control with high sugar intake plus taurine). Each graph was averaged from 7-12 rats by the
Acknowledge software (BIOPAC Systems, Goleta, CA, USA)

Table 2 Renal nerve firing rates and power spectral densities of renal nerve activity at the
frequencies related to renin release (0.5-1.5 Hz), sodium excretion (1.0-2.5 Hz), and renal blood
flow (2.0-5.0 Hz) in anesthetized male rats

Power spectral densities (%)
Treatment Firing rates (spike/sec) | 0.5-1.5 Hz 1.0-2.5 Hz 2.0-5.0 Hz
CW (n=12) 1009+ 1.2 41.7+53 334+2.1 249+3.6
CW+Tm=38) 100.2 + 1.0 42455 33120 24.6+3.9
CG (n=9) 98.0+1.3 51.8+3.0° 293+ 1.7° 189+ 1.4
CG+Tm=7) 100.4 + 1.0 37.4+3.1 323+1.0 30.3+3.7

Values are mean = SEM; CW control with water intake alone; CW + T control with water intake
plus taurine, CG control with high sugar intake, CG + T control with high sugar intake plus tau-
rine; "P < 0.05 compared to CW (Wilcoxon signed-rank test)
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4 Discussion

High sugar intake from weaning onward decreases water and sodium excretion, due
to an increase in renal tubular water and sodium reabsorption and despite a sharp
rise in glomerular filtration rate in adult male rats (Roysommuti et al. 2002). Neither
renal vascular resistance nor blood flow are affected by this high sugar intake. The
high sugar intake does not alter sympathetic or parasympathetic nerve activity (esti-
mated by arterial pressure variability in both male and female rats) (Roysommuti
et al. 2009; Thaeomor et al. 2013). In the present study, multiunit recording of renal
nerve firing frequency did not indicate that high sugar intake altered sympathetic
nerve activity, but the spectral power analysis of renal sympathetic nerve activity
strongly suggests that the renal nerve activity selectively increases in nerve fibers
innervating the juxtaglomerular cell, i.e., the renin releasing cell. This finding con-
firms the likely, major role of renin-angiotensin system overactivity in high sugar-
induced renal dysfunction. In addition, the present data indicate that a short-term
taurine supplementation can counteract the adverse effects of high sugar intake on
renal nerve activity pattern.

The systemic renin-angiotensin system is mainly activated by renin release from
juxtaglomerular cells. Low renal perfusion pressure and increased renal sympa-
thetic nerve activity are the main factors that increase renal renin secretion (Friis
et al. 2013). Renal innervation is quite complex. Although some nerve axons of
renal sympathetic nerve may innervate several structures of the kidney, a group of
nerve axons or nerve unit to juxtaglomerular cells are mostly distinct from those
destined for the renal tubule or renal vasculature (DiBona 2005b). Thus, the central
sympathetic pathway can specifically regulate the renal function. Hypotension,
hypercapnia, hypoxia, and pain can stimulate renal sympathetic nerve activity but at
different nerve units (DiBona 2005b).

Renal nerves are composed of afferent and efferent fibers. While the afferent
fibers involve renal ischemic and injury responses, the efferent fibers are sympa-
thetic nerve fibers supplying three different functions of the kidney (Johns et al.
2011). Although the firing rate of the renal nerves may not increase in some forms
of hypertension, renal denervation can prevent or decrease hypertension in animals
and humans (Papademetriou et al. 2014; Schlaich et al. 2013). This change may be
due to the fact that both firing rates and patterns of renal nerve activity contribute
importantly to renal function. This study indicates that the pattern rather than the
firing rate of renal nerve activity, specifically affects renin secretion, sodium excre-
tion, and renal blood flow, at least in high sugar-fed rats.

It is well-known that dietary sugar - induced hypertension can be prevented or
improved by taurine supplementation or diets high in taurine, by inhibition of sym-
pathetic nerve activity and renin-angiotensin system (Roysommuti and Wyss 2014).
Renal sympathetic activity is controlled by a complex of central sympathetic path-
ways above spinal cord, particularly residing in five cell groups in brain stem and
hypothalamus. These include medullary raphe nuclei, rostral ventrolateral medulla
(RVLM), ventromedial medulla, pontine A5 noradrenergic cells, and paraventricular
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nucleus (Schramm et al. 1993). Further, most sympathetic renal premotor neurons
are located in the RVLM and the caudal pons (Ding et al. 1993). In the present
experiments, high sugar intake did not significantly affect fasting and non-fasting
blood sugar in either male or female rats (Roysommuti et al. 2009; 2013) and plasma
insulin levels in female rats (Roysommuti et al. 2013). It is likely that periodic
(postprandial) rather than sustained hyperglycemia/hyperinsulinemia plays an
important role in high sugar intake-increased renin release.

Hyperinsulinemia appears to increase renal sympathetic nerve activity and renin
release by acting at the RVLM (Bardgett et al. 2010) and the hypothalamus
(Cassaglia et al. 2011, 2016), while taurine is reported to decrease sympathetic
nerve activity by acting at both hypothalamus (Fujita et al. 1986; Fujita and Sato
1988) and RVLM (Amano and Kubo 1993). The main neurons in RVLM is norad-
renergic (Ding et al. 1993) and sympatholytic activity of taurine also involves hypo-
thalamic noradrenergic pathway activity (Fujita et al. 1986). Thus, taurine
supplementation may counteract the effect of high sugar/hyperinsulinemia on renal
nerve activity and renin release by altering the noradrenergic pathways in the hypo-
thalamus and the RVLM. However, the detailed mechanisms how these brain areas
specifically regulate the renal nerve activity to the specific parts within the kidney
has not been conclusively reported (Nishi et al. 2015).

In the present study, high sugar intake did not affect arterial pressure and most of
plasma electrolytes except bicarbonate in CG compared to CW groups, suggesting
that baroreceptor and probably chemical-mediated renal sympathetic responses is
unlikely. Normal levels of plasma creatinine and blood urea nitrogen, as well as
plasma electrolytes indicate no severe renal dysfunction after a high sugar diet.
These changes are similar to our previous reports (Roysommuti et al. 2009;
Thaeomor et al. 2010). Further, the slight increase in mean arterial pressure in tau-
rine supplemented groups compared to CW group, irrespective of high sugar intake,
might be due to the effect of taurine on gastrointestinal sodium and water absorption
(Suwanich et al. 2013). However, this arterial pressure difference (about 4 mmHg)
is too small to mediate baroreflex bradycardia or decreased renal sympathetic nerve
activity in both taurine-treated groups compared to CW and CG groups. This is sup-
ported by the data that both heart rates and baroreflex controls of renal nerve activity
were not significantly different among the four groups.

5 Conclusion

High sugar intake affects neural, cardiovascular, endocrine, and renal functions
leading to several disorders particularly hypertension and kidney disease. These
adverse effects of high sugar intake have been studied in both animals and humans.
Lines of evidence indicate that renal nerve activity patterns rather than firing rates
specifically explain the effects of renal sympathetic nerve on renal renin release,
sodium excretion, and renal blood flow. The present data indicate that a high sugar
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diet alters renal sympathetic nerve activity pattern, specifically increasing renin
release. In addition, this adverse effect of high sugar intake since weaning can be
restored to normal levels by a short-term taurine supplementation, at least in young
adult, male Sprague-Dawley rats.
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Taurine Recovery of Learning Deficits
Induced by Developmental Pb** Exposure
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Navita Madan, Alyssa M. Ferraro, Yevgeniy Furman, and Abdeslem El Idrissi

Abstract Lead (Pb*") is a historically well-documented environmental neuro-
toxin that produces developmental cognitive learning and memory impairments.
These early neurodevelopmental impairments cause increased brain excitability
via disruption of Ca** mediated signaling during critical periods of synaptogenesis
inducing competition with I.,** through NMDAgs resulting in altered brain devel-
opment and functioning across the lifespan. Interestingly, Pb** has been shown to
decrease GABA transport and uptake, decrease spontaneous and depolarization-
evoked GABA neurotransmission and lower the expression of glutamic acid
decarboxylase (GAD); thereby, limiting excitatory GABAergic influences that
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regulate early developmental brain excitability and reducing inhibition across
mature GABAergic networks. Taurine has been shown to regulate brain excitabil-
ity in the mature brain through GABA 4z mediated inhibition, thereby attenuating
improper brain excitability. Mechanistically, taurine is developmentally a potent
neuromodulator that acts as a GABA,r agonist and more recently has been
reported as a partial agonist for NMDAgs through glycine sites. We investigated
the effects of developmental Pb** exposure on the rat’s mature inhibitory cognitive
control abilities pharmacologically through anxiety and emotional learning-
related behaviors and whether taurine could recover Pb** induced neurodevelop-
mental behavioral deficits later in life. Results showed that Pb** increased anxiety
symptoms in the open field and hole board test, increased sensitivity to context
fear training with cognitive deficits in both acquisition and extinction learning
while producing learning deficits and inabilities in acquiring inhibitory learned
associations through the acoustic startle response and pre-pulse inhibition (ASR-
PPI) test. Interestingly, taurine recovered Pb** developmentally induced behav-
ioral deficits in the open field and hole board test evidenced by decreased freezing
and increased exploration behaviors and facilitated inhibitory dependent ASR-PPI
learning to levels higher than controls. In contrast, Baclofen, a GABAgy agonist,
dose dependently showed no interaction with Pb** effects on ASR-PPI learning.
Thus, taurine may work as an important neuromodulator at both GABA 4zs and
NMDAgs glycine sites, thereby increasing inhibition, enhancing Ca**-mediated
signaling, and decreasing the altered brain excitability, which impedes learning
and memory from early Pb** exposure. Taken together our data suggests that
GABA s dependent inhibitory learning is altered by early Pb** exposure and tau-
rine was able to recover these Pb** induced deficits through neuromodulation of
GABA 4xs and potentially NMDAgs later in life. These findings may pave the way
for further exploration of taurine as a pharmacotherapy for neurodevelopmental
lead poisoning in both animal and clinical models.

Keywords Lead (Pb**) ¢ GABA ¢ Taurine * Neurodevelopment ¢ Recovery e
Behavior

Abbreviations

ACF  Auditory context cued fear conditioning
ASR  Acoustic startle response

CFC Context fear test

HB Hole board test

OF Open field

Pb* Lead

PPI  Pre-pulse inhibition

Tau  Taurine
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1 Introduction

To date, the majority of the research conducted on developmental lead poisoning
(Pb?*) has been directed towards low levels of environmental lead exposure and its
effects on learning and memory with focus on the glutamatergic system. Specifically,
the Ca*/Pb** competition through the N-merhyl-D-aspartate receptor (NMDAg) in
animal models has been the focus of investigation (Toscano and Guilarte 2005) and
far less attention has been directed towards the GABAergic system (Neuwirth
2014). Lasley and Gilbert (2000) observed that Pb**-depressed long-term potentia-
tion (LTP) in the hippocampus and suggested a cellular level learning deficit that
correlated with cognitive learning impairments observed at the behavioral level of
animals developmentally exposed to Pb*". Notably, GABAergic interneurons pro-
vide critical synchronization of distinct neuronal rhythms between the hippocampus
and other association neural networks, such as the frontal cortex, which is essential
for learning and memory (Bragin et al. 1995; Buzaki and Chrobak 1995; Soltesz
and Deschenes 1993). Early brain excitability is restricted to GABAergic regulation
as NMDARs are expressed, but lack functionality until the potassium chloride co-
transporter (KCC2) reverses the intracellular chloride gradient; resulting in the shift
from early GABA-excitation-to-mature GABA-inhibition (Ben-Ari 2002).
Moreover, NMDAGs, y-amino butyric acid receptors (GABAAgS), and voltage sensi-
tive calcium channels (VSCCs) collectively drive early brain excitation via the
regulation of tightly controlled Ca?* oscillations through giant depolarizing poten-
tials (GDPs). Thus, GDPs synchronize neural activity across brain structures dif-
ferentially (Yan 2013) and as a function of GABAergic system maturation in normal
and disease models (Neuwirth 2014; Yan 2013); whereby they shape the timing and
tonic phases of neural excitation-inhibition balancing (Ben-Ari 2002).

Disruption to such early brain excitation-to-inhibition balancing is a contributing
risk factor for the onset of epileptogenesis and other developmental neuropatholo-
gies (Ben-Ari et al. 2012). To further elucidate Pb** neurotoxicity and the relation-
ship between glutamine, glutamate, and GABA with respect to seizure susceptibility,
Struzyfiska and Sulkowski, (2004) showed Pb?* treatment diminished GABA trans-
port, decreased uptake and depolarization evoked release, lowered the expression of
glutamate decarboxylase (GAD), the GABA synthesizing enzyme, and over expres-
sion of the GABA transport protein GAT-1. Thus, Pb** induces brain excitability
from both Glutamatergic and GABAergic mechanisms. To date little to no glutama-
tergic therapies have evidenced benefit or recovery of symptoms that would be a
potentially viable pharmacotherapy. In contrast, taurine, a potent neuromodulator
that acts as a GABA sz agonist, has been consistently shown to offer neuroprotec-
tion, reduces brain excitability, anxiety, and learning deficits (Neuwirth et al. 2013,
2015) and may be a viable alternative pharmacotherapy through GABAergic neuro-
modulation for treating developmentally Pb**-induced neuropathologies. In addi-
tion, taurine has recently been shown to be a partial NMDAy, agonist through glycine
binding sites, which may positively influence learning and memory (Chan et al. 2014).
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Further, taurine regulates brain excitability by increasing GABA neurotransmission
in animal models of epilepsy, ameliorating brain excitability through increased inhi-
bition (EI Idrissi et al. 2003); in particular, through upregulation of GAD and inter-
action with the GABAr 2/p3 subunits (L’ Amoreaux et al. 2010). Furthermore,
taurine is suggested to be neuroprotective in its ability to forestall the natural aging
process associated with the GABAergic systems when challenged by neurodegen-
eration and other related neurodevelopmental disorders (EI Idrissi et al. 2013).
However, taurine may also play a similar role in protecting the GABAergic system
from early exposure to neurotoxins and protect against neurodevelopmental dis-
abilities through re-establishing GABA g, NMDAy, and Ca** synchronized GDP’s
during early brain insults.

Here we evaluated the effects of developmental exposure to Pb** on anxiety,
freezing, exploration, and learning and memory behaviors regulated in part by the
GABAergic system and whether acute taurine administration, consistent with our
previous work using autistic-like rodent models with reduced GABA ,x neural sys-
tems, would recover these neurodevelopmental induced Pb** neurobehavioral aber-
rations in this later life neurotoxicology rodent model.

2 Methods

2.1 Subjects

In accordance with The College of Staten Island (CUNY) IACUC approval guide-
lines, Long-Evans Norwegian hooded male and female rats (Taconic, N.J.) were
paired for breeding and their male F1 generation were used for future experimenta-
tion. Rat litters were culled to 8-10 pups in order to control for maternal social
influences on neurodevelopment and behavior. Control rats were fed a regular
Purina rat chow (Dyets Inc. # 61212) [containing 970 gm/kg Purina RMH 1000
chow, 30 gm/kg maltose dextrin], while the Pb* rats were fed a diet containing
1.5 g/kg lead acetate (Dyets Inc. # 612113) [containing 968.4 gm/kg Purina RMH
1000 chow, 30 gm/kg maltose dextrin, 1.5 gm/kg lead acetate, and 0.1 gm/kg yellow
dye] (956 ppm) ad libitium from pairing throughout gestation and continued through
weaning (i.e., life-long exposure model). Prior to behavioral testing all rats were
handled for 10 min per day for 1 week.

At postnatal day (PND) 22 independent sets of rats (N = 176) were randomly
assigned to a treatment condition (Control n = 56, Control + Taurine n = 24, Pb**
n =69, Pb*+Taurine n = 27) in the following behavioral assays: Open Field (OF),
Hole Board test (HB), Context Fear Conditioning (CFC) and Auditory Cued Fear
Conditioning test (ACFC), and the Acoustic Startle Response (ASR) with pre-pulse
inhibition (PPI) test to ensure experience dependent effects were restricted to early
developmental Pb** exposure. Rats were administered either taurine, a GABA g
agonist, 43 mg/kg i.p. injection or Baclofen, a GABAgR agonist, in a dose response
of 3 mg/kg, 6 mg/kg, or 10 mg/kg i.p. injections 15 min prior to behavioral testing
to assess and compare taurine’s and Baclofen’s influences on GABAergic behavioral
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regulation in reducing anxiety, hyper-activity, emotional irritability, hyper-excitability,
stress and increasing inhibitory learning and memory outcomes consistent with our
previous reports of recovering similar behavioral phenotypes in the Fragile X mouse
model (Neuwirth et al. 2013, 2015; EI Idrissi et al. 2003, 2009, 2010; El Idrissi and
L’ Amoreaux 2008; El Idrissi 2008).

2.2 Blood Lead Level Analyses

Following all behavioral testing, at the point of animal sacrifice transcardial blood
samples were collected in ethylenediamine-tetraacetic acid (EDTA) coated
S-Monovette® syringes (Sarstedt, Germany) to prevent coagulation, then mixed,
and immediately frozen on dry ice then stored at —80 °C. Samples were then sent
out for BLL determination to Magellan Diagnostics (North Bellirica, MA). BLLs
were determined using atomic absorption spectrophotometry (AAS) with a sensitiv-
ity detection level of +1 pg/dL.

2.3 Open Field

At PND 22 naivé set of Control (n = 24), Control + Taurine (n = 10), Pb** (n = 24),
and Pb**+Taurine (n = 10) rats were examined during 10 min of locomotor explora-
tion in the open field test (OF) (376 mm H x 914 mm W x 615 mm L) in an illumi-
nated room (300 Lux). Locomotor variables including time mobile (s) in zone and
latency of first exit from zone (s) were recorded and post analyzed using the
Anymaze® video tracking software transmitted via a ceiling mounted SONY-Handy
Camera and transmitted to a standard HP 1.6 GHz computer.

2.4 Contextual Fear Conditioning

At PND 24-30 behaviorally naivé rats (Control n = 10 and Pb** n = 9) were trans-
ferred to the testing room and remained in their home cage for 60 min in order to
acclimate in the dark with red ambient light (3 Lux). Post acclimation, rats were
gently placed into the context fear conditioning chamber (Med Associates)
(215.9 mm H x 260.35 mm W x 254 mm L). The testing paradigm was modified
from (Neuwirth et al. 2013, 2015) as follows: (a) Day 1 acquisition phase: 120 s
baseline, 10s later sound was emitted for a 30s duration, after 10s of the sound a
light was illuminated for 10s and during the last 2 s of the sound a 0.5 mA foot
shock through a floor grid was given for 5 s in duration as the conditioned aversive
stimulus. During baseline and post foot shock the rat’s latency to break 3 infrared
beams were measured every 10 s for 60 s followed by a 70 s inter-trial-interval.
Three trials were presented during day 1 which was considered the learning
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acquisition phase. (b) Day 2 retention phase: The exact same testing procedures
were administered as in day 1 except that no foot shocks were delivered.

2.5 Auditory Cued Conditioning

Another set of naivé animals were used as in the CFC test (Controls n = 9 and Pb**
n = 10) and test conditions were identical to the CFC test; except that on Day 3 rats
were placed in an altered context. The chamber was the same, but was divided diag-
onally with a black plexiglass (349.25 mm) and the floor coated with a black rubber
mat. On the opposite inaccessible side of the plexiglass, a Petri dish was filled with
a vanilla extract to motivate the rat to explore towards to novel odor in the altered
context chamber. Motion was recorded for a single trial with a baseline measure of
180 s followed by the onset of the learned auditory cue used in the CFC training two
days prior to assess ACFC learning and memory. However, the tone lasted 180 s.

2.6 Hole Board Test

At PND 30-40 another naivé set of Control (n = 7), Control + Taurine (n = 7), Pb**
(n = 10), and Pb**+Taurine (n = 10) rats were examined during 10 min of anxiety
fear escape testing in the Hole Board test (HB) (610 mm H x 610 mm W x 610 mm
L) in an illuminated room (300 Lux) on Day 1. On Day 2 rats were tested in the
same chamber and lighting at the same time of day, but 4 novel olfactory gradients
(i.e. vanilla, orange, lemon, and almond) were placed in petri dishes below the four
corners of the HB test with equal odor gradients to manipulate the prior day’s expo-
sure of fear responding (i.e., prevent habituation due to the potential environmental
assimilation within the same context) and instead promote exploratory behavior.
Locomotor dependent variables included time freezing (s) and time exploring in
zone (s) to overcome recurrent fear were recorded and post analyzed using the
Anymaze® video tracking software transmitted via a ceiling mounted SONY-Handy
Camera transmitted to a standard HP 1.6 GHz computer.

2.7 Acoustic Startle Response Habituation

At PND 30-46 behaviorally naivé rats (Control and Pb** n = 5 per group) were trans-
ferred to the testing room and remained in their home cage for 60 min in order to accli-
mate in the dark with red ambient light (3 Lux). Post acclimation rats were gently placed
into the ASR chamber MED-ASR-Prol (Med Associates Inc., VA) for the length of the
testing session (i.e., 30 min). All subjects were administered a one block design consist-
ing of 20 trials presenting an auditory stimulus of 115 decibels (dB) with an inter-trial-
interval (ITT) of 15 ms to assess startle habituation in a non-associative test condition.
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2.8 Acoustic Startle Response and Pre-pulse Inhibition

At PND 30-46 behaviorally naivé rats (Control n = 11, Control + Taurine n =7, Pb*
n = 11, Pb**+Taurine n = 7) were handled and acclimated as in the startle response
habituation test. However, subjects were administered a three block design to assess
PPI learning to test associative learning and memory modified from (EI Idrissi et al.
2012; Neuwirth 2008). Block one consisted of 4 trials with a startle stimulus of
115 dB. Block two contained a random matrix of 16 trials with unpredictable pre-
pulses of 75 dB, 85 dB, 95 dB, and 105 dB with an ITI of 15 ms. Block three was
identical to block one. Data were driven via the motion force sensor transducer
platform and transmitted to a standard desktop computer to analyze the data with
the supplied Med Associated Software. Peak amplitudes of each motion force
response were measured and compared as the percent difference of experimental
rat’s startle sensori-motor magnitude from control rats and their Pre-vs. Post-startle
response following PPI respectively.

2.9 Data Analysis

Data were recorded as digital video clips using an analog-digital converter. The movies
were analyzed using AnyMaze software. Animal tracking was based on contrast relative
to background. Different zones were labeled and indicated on the monitor. Two tracking
points were specified, one on the animal’s head and the other on the center of the ani-
mal. An excel spreadsheet was generated containing all the parameters specified.

2.10 Statistical Analyses

All data were analyzed in Statistica V. 12.7 (Statsoft, Inc. Tulsa, OK). Factorial ANOVAs
were used to assess Treatment, Taurine, and Treatment X Taurine interaction effects.
Significance levels were set at o« = 0.05% with a 95% + SEM. Significant differences
were determined by equal and unequal Tukey’s HSD post hoc comparisons test.

3 Results

3.1 Pb* Exposure Induced Anxiety Behaviors that Were
Recovered by Acute Administration of Taurine

Developmental Pb** treatment resulted in BLL’s ranging from 34-42 pg/dL
(M =38.67 pg/dL, SD = 3.27) (p < 0.001") at the time of testing, while controls
were Pb?* negative. The open field test revealed preliminary anxiety-like behaviors
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relative to an animal’s assimilation to a novel arena. We assessed the effects of
Pb?* on anxiety-like behaviors associated with this test by measuring the latency
to exit the center zone and time mobile within the center zone as an index of anxi-
ety behaviors. Pb** treatment induced levels of anxiety similar to controls.
However, taurine treatment to both control and Pb** rats (i.e., 43 mg/kg i.p.)
delayed initial center zone exit latency (Fig. 1a) (p < 0.17) and increased time
spent mobile exploring the center zone (Fig. 1b) (p < 0.001™") rather than thigmo-
taxis. This indicates that Pb** treated animals respond to pharmacological actions
of taurine similar to controls and showed behavioral recovery through decreased
anxiety-like and increased exploratory behaviors. The OF test for center zone
exploration latency revealed a Tau Treatment effect (F;, = 8.97, p < 0.0017)
(Fig. la). In the OF the time mobile in the center zone showed Pb** effect
(Fay = 4.08, p < 0.05% and a Tau Treatment effect (F;, = 10.7, p < 0.001")
(Fig. 1b).
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3.2 Pb** Induces Deficits in Hole Board Test Escape
and Exploration Behaviors Which Are Recovered
by Taurine

To further evaluate the effects of Pb?* on anxiety, we subjected rats to a 2-day
hole board test paradigm to assess anxiety as measured by escape behaviors in
Day 1 followed by habituation and exploratory behaviors in Day 2 when the
apparatus was baited with four novel odorants. Data revealed that Pb*" increased
freezing behaviors on Day 1 (p < 0.01™) and reduced exploration behaviors on
Day 2 (p < 0.001"") when compared to controls. Interestingly, taurine adminis-
tration showed little effects on controls during both days of testing. In Pb?* rat’s
taurine reduced freezing and increased exploration behaviors (p < 0.01™) at
levels comparable to controls (Fig. 2) The behavioral engagement time com-
parisons between tests showed a Condition effect (F(;, = 221.88, p < 0.001"™),
a Pb?* effect (F,, = 6.23, p < 0.017), a Condition X Pb** interaction
(F1)=44.73, p < 0.001"), a Condition X Taurine interaction (F ;, = 10.83,
p < 0.001") and a Condition X Pb** X Taurine interaction (F(,, = 12.51,
p <0.001") (Fig. 2).
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Fig. 2 Pb’* treated rat’s evidence increased anxiety and decreased exploratory behaviors on the
hole board test when compared to Control rats, and taurine recovers these Pb?* induced neurobe-
havioral deficits. Pb** treated rats exhibited increased freezing behaviors on Day 1 (p < 0.0017)
and decreased exploratory behaviors on Day 2 (p < 0.001"). Notably, in Pb** treated rat’s taurine
administration reduced freezing and increased exploratory behaviors comparable to Control rat
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3.3 Pb** Induces Deficits in Context Fear and Auditory Cued
Fear Conditioning Learning

We next investigated the effects of Pb** on contextual fear and auditory cued fear
conditioning as a robust measure of emotional learning and memory. Pb** showed
no differences in contextual acquisition trials (i.e. A-T1-4) but had selective deficits
in contextual extinction learning trials (i.e. E-T1-3) (Fig. 3a) (p < 0.05" E-T1-2).
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Fig. 3 Pb** treated rat’s exhibit the ability to learn context fear associations, but have deficits in
consolidating these memories for later recall evidenced as a reduced behavioral response to learned
stimuli 24-h during extinction testing. Pb** treated rat’s exhibit memory retention problems in
associating the test context with foot shock administration (p < 0.05, p < 0.01°, p < 0.001") (a).
In addition, Pb?* treated rats were more sensitive to foot shocks during the initial stages of fear
acquisition (p < 0.01™) (b). This suggests that Pb?* treated rats respond negatively to stressors and
which may impair their spatial information processing during context dependent learning resulting
in emotional memory deficits. Data are presented as =SEM
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Following the aversive foot shock Pb* rats were initially more sensitive to learn the
fear association (Fig. 3b) during acquisition trials (p < 0.01™ A-T2) but showed
significantly lower memory retention 24 h following training (p < 0.01™ E-T1 & 3;
p <0.001"" E-T2) when compared with controls. In the context extinction condition
revealed a Pb** effect (F(;,=21.74, p <0.001™) (Fig. 3a). In the aversive extinction
condition showed during acquisition trials a Trial X Pb** interaction (F, 3 = 5.14,
p < 0.001™), and in the extinction trials a Pb** effect (F;, = 48.89, p < 0.001™)
(Fig. 3b). This suggests that Pb* induces learning deficits relating to spatial cue
context dependent information processing. In order to further assess these findings,
we evaluated whether or not Pb?* rats would either show similar behavioral prob-
lems that would generalize into novel contextual exposures such as in an altered
context when compared to controls. In the ACFC test Pb?* showed increased hyper-
activity in the altered context when compared to controls (Fig. 4) (p < 0.0017") but
were not different than controls when the prior learned tone was presented in the
altered context. In the ACFC test revealed a Condition effect (F;) = 335.41,
p <0.001™") and a Pb? Effect (F(;,=22.76, p < 0.001""). This indicates that Pb** rats
may by hyper excitable and new environments induce an exaggerated stress response
which is further exacerbated by aversive stimuli thereby affecting emotional learn-
ing and memory. However, in an environment absent of the floor grid Pb?* rats are
better able to retain memory of the tone associated with the prior learned foot shock.

3.4 Pb* Induced Auditory Hypersensitivity to Startle Stimuli
and Pre-pulse Conditioning Deficits Which Were
Recovered by Taurine

In order to assess whether or not learning deficits in the context fear and auditory
cued conditioning tests were selective to context dependent spatial information
processing, we directed our focus on assessing auditory learning deficits induced
by Pb*. To approach this problem, we subjected rats to the acoustic startle
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non-associative habituation learning test. This test allowed for us to parse audi-
tory sensory motor gating through habituation of repeated exposures of sensory
stimuli in the absence of any learning associations. Data revealed that Pb** rats
were initially hypersensitive to auditory non-associative startle stimuli (Fig. 5a)
(p < 0.001") and eventually reached levels comparable to controls. The startle
non-associative habituation test showed a Trial effects (F(jo) = 2.47, p < 0.001™)
and a Pb?* effect (F;, = 64.52, p < 0.001"") (Fig. 5a). Following this another set
of naivé animals were exposed to a startle and pre-pulse conditioning test to eval-
uate the roles of auditory inhibitory learning and the effects on taurine (GABA sr
agonist) verses Baclofen (GABAgg agonist) to determine which GABAergic
receptors are mediated Pb**induced hypersensitivity and learning deficits. Pb**
treated rats showed significantly less inhibitory learning when compared to con-
trols (Fig. 5b) (p < 0.05" vs. all other treatments p < 0.001°*"). The startle PPI
pre- and post-test comparisons revealed a Condition effect (F,, = 130.39,
p <0.001™), a Taurine effect (F;, = 23.28, p < 0.001™""), a Condition X Taurine
interaction (F(;;, = 6.0, p < 0.017), a Pb** X Taurine interaction (F,;, = 8,50,
p < 0.01™) and a Condition X Pb** X Taurine interaction (F,; = 11.4,
p < 0.001*%*) (Fig. 5b).
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Fig. 5 Pb* treated rats exhibit auditory hypersensitivity, reduced non-associative startle habitua-
tion, and reduced startle pre-pulse inhibition which is recovered by taurine treatment. Pb** treated
rats tested with non-associative (i.e., startle stimuli not paired with any other stimuli) startle stimuli
evinced an auditory hyper sensitivity profile when compared to Control rats (a) (p < 0.001"""). Pb*
treated rats also showed reduced inhibitory PPI learning, while taurine selectively recovered and
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enhanced PPI learning in Pb** rats only (b) (p < 0.001"). Data are presented as +SEM
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Fig. 5 (continued)

Taurine showed little contribution to PPI inhibition learning for controls. Notably,
taurine significantly enhanced PPI learning in Pb** treated rats (Fig. 5b) (p <0.001").
There were no Pb*+Baclofen or Control + Baclofen treatment differences observed.

4 Discussion

Taken together these results suggest that Pb** exposure during early brain develop-
ment disrupts GABAergic mediated neurobehaviors (i.e., tonic and cortical inhibi-
tion) that persist into adulthood. Here, we identified that early developmental Pb**
exposure induced anxiety-like behaviors in the open field and hole board test which
persisted into later life. Taurine administration recovered these Pb?* induced behav-
ioral deficits. Interestingly, we identified that the 2-day hole board test was very
sensitive in revealing anxiety in the Pb?* rats. The first day of the hole board test
induced elevated anxiety responses in the Pb** rats. However, when re-exposed to
the same testing apparatus the next day, rats typically would habituate and show a
reduction in anxiety behaviors. However, 24 h later in the hole board test we pre-
sented rats with novel odorant stimuli to decrease their anxiety behaviors and to
increase their exploratory behaviors. Interestingly, these Pb?* rats remained fearful
of the hole board test irrespective of habituation and prior acclimation to the test.
This suggests that Pb? rats have hypersensitivity and increased stress responses to
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Fig. 6 Pb** treated rats exhibit startle PPI learning deficits which are minimally recovered by
Baclofen administration. Pb** treated rats showed reduced inhibitory learning and Baclofen dose
dependently did not significantly improve or recover their behavioral inhibition irrespective of
treatment. Thus, Baclofen a GABAgR agonist, is insensitive in addressingPb?* treated rat’s deficits
in PPI learning. Notably, all post-test conditions were significantly different from baseline
(p <0.05°, p<0.01”, p < 0.001"). Data are presented as +SEM

novel test conditions that may impair contextual spatial learning. To evaluate the
contribution of elevated neophobic (i.e., fear of novelty) context specific learning
deficits we utilized a context fear test. Here Pb?* rats showed initial hypersensitivity
to foot shock during acquisition trials with deficits in context dependent spatial
learning. This suggests that Pb** increases stress responses that may impair the abil-
ity of rats to attend to contextual spatial cues; thereby, reducing memory associa-
tion, consolidation, and later retention.

We next assessed whether Pb* learning deficits were specific to context informa-
tion processing or compounded by auditory processing issues as well. In the altered
context auditory cued conditioning experiment Pb** rats were initially hyperactive in
the novel environment and seeking out ways to escape the arena. When the auditory
tone was presented the Pb** rats responded similar to controls. Taken together, these
findings suggest that Pb** rats respond with elevated stress to novel environments,
but were able to recall the learned auditory cue in an altered context. We then decided
to use an acoustic startle response test to assess hypersensitivity to auditory stimuli.
Pb* rats showed an initial hypersensitivity to 20 trials of a 115 dB startle stimulus
that eventually returned to control levels indicating delays in inhibition and non-
associative learning outcomes as a function of Pb** developmental neurotoxicity.
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These experiments were controlled whereby no stimulus-paired associations
occurred with the 115 dB startle stimuli, thus restricting interpretation to auditory
sensory processing deficits induced by Pb?*. In the startle PPI experiments, taurine
induced inhibition recovered the startle response in Pb** rats evidenced by PPI
returning to control levels and further enhanced the amount of baseline PPI levels
when compared to controls. In addition, Baclofen, the GABAg agonist, had no posi-
tive effect dose dependently on control and Pb** rats. Suggesting that developmental
Pb* neurotoxicity and persistent Pb** exposure induced behavioral learning and
memory deficits that could be recovered by GABA gz pharmacotherapy via taurine
treatment.

Taken together, Pb** induces anxiety-like behaviors, increased freezing,
decreased exploration, and produced context specific deficits in spatial information
processing, auditory hypersensitivity, and increased stress responses to foot shock
and novel environments, which can be treated and recovered through the GABA s
agonist taurine. Notably, Baclofen a GABAgy agonist did not recover behavioral
deficits induced by Pb**. We suggest that early developmental Pb** exposure, in part,
may alter the early GABA-shift and later alter the functioning of the mature GABA ,x
and its expression levels in the brain resulting in aberrant increased brain excitabil-
ity. More research in this area of GABAergic brain development under the influence
of Pb* and taurine interactions are required to further elucidate specifically how
Pb* alters GABAergic neurons, and in turn, how taurine recovers behaviors in this
developmental neuropathological disease model. In addition, the need for more sen-
sitive and multiple testing paradigms are required in order to obtain a “full picture”
of how exactly environmental toxins such as lead may contribute to different sen-
sory processing disorders that will certainly impact a wide-range of learning and
memory symptoms. Thus, our findings suggest that animal researchers must be cau-
tious and adequately show convincing systematic evidence in deducing what behav-
ioral pharmacological pathways may be involved in their animal model of human
disability.

5 Conclusion

In summary, this study shows that early developmental Pb*" exposure can induce
deficits in the proper establishment of GABAergic mediated networks that are, in
part, responsible for regulating anxiety-like behaviors, auditory hyper excitability,
emotional learning and memory disruption later in life which can be recovered by
acute taurine administration. This suggests that taurine may be neuroprotective
against Pb** induced GABAergic aberrant neural signaling, whereby enhancing
inhibition to reduce neuronal excitability via GABA szs and learning enhancement
as a partial agonist at NMDAy glycine sites. Moreover, here we showed selective
pharmacological action of taurine with GABA sgs and an insensitivity to Baclofen
with GABAgs, suggesting a potential therapeutic role of GABA ,x drugs such as
taurine administration in treating Pb** toxicity in animal and clinical interventions.
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Comparison of Urinary Excretion of Taurine
Between Elderly with Dementia and Normal
Elderly

Ranran Gao, Mi Ae Bae, Kyung Ja Chang, and Sung Hoon Kim

Abstract The purpose of this study was to investigate the differences in dietary
intake, serum level and urinary excretion of taurine between the elderly with demen-
tia and the normal elderly. Subjects with dementia were 22 (8 men, 14 women) and
normal were 26 (2 men, 24 women). The general characteristics, anthropometric
data were considered together. The blood and urine samples were obtained from the
elderly in the morning fasting state. Taurine concentrations in serum and urinary
excretion were determined using high performance liquid chromatography (HPLC).
Dietary intake data were collected using questionnaires, and analyzed by Computer
Aided Nutritional analysis program (CAN-pro 4.0). Statistical analyses were car-
ried out using SPSS 20.0. There were no significant differences in age and BMI
(body mass index) between the elderly with dementia and the normal elderly, how-
ever, blood total cholesterol, LDL cholesterol and HDL cholesterol levels of the
elderly with dementia were relatively higher than the normal elderly. The elderly
men with dementia took more lipid, riboflavin higher than the normal elderly men
(P <0.05). The elderly women with dementia took more nutrients except vitamin D,
vitamin B, and taurine than the normal elderly (P < 0.001). There were slight dif-
ferences in serum taurine level between the two groups. However, urinary excretion
of taurine in the elderly with dementia was significantly higher than the normal
elderly (41.2%, P < 0.05).
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1 Introduction

Dementia is not just a simple disease but a type of complicated syndrome, which
may lead to many problems on the respect of memory, thinking, and communica-
tion. According to the report of The Global Impact of Dementia, the amount of
people living with dementia in the world in 2013 was 44.33 million, and would
reach 135.46 million in 2050 (Prince et al. 2013). According to previous studies,
the growth rate of the illness would be more than 3 times. It is obvious that not
only the elderly with dementia would have low-quality lives, but also the family
caregivers would face with great difficulties from the health care and social
pressure (Wortmann 2012).

There are many etiological factors in dementia such as brain cell death, stroke,
head injury and brain tumor, efc. Recently, the administration of taurine contributes
to recovering learning and memory of the rats with dementia (Kim et al. 2014).
Taurine exists in body tissues (for instance, skeletal and cardiac muscles) of every
human being, especially, with a high concentration in the brain. Also, it is well
known that taurine has physiological functions such as antioxidant and anti-
inflammatory (Javed et al. 2013), promoting skeletal muscle cell’s growth and
development (Zielinska et al. 2012), and accelerating brain nervous conduction of
premature infants (Tyson et al. 1989).

There are many methods reported to measure the concentration of taurine
(Anzano et al. 1978; Fekkes et al. 2000; Inoue et al. 2003; Park et al. 2001; Qu
et al. 1999). Fluorescamine is one of the best reagents in the derivatization of tau-
rine (Kelly et al. 2000). The formation of taurine-fluorescamine fluorophore is
shown in Fig. 1.

Recently, many researchers measured the concentration and content of tau-
rine in their studies. However, the study about the relationship between concen-
tration of taurine and dementia is very rare. Therefore, the purpose of this study
was to investigate the differences in dietary intake, serum taurine level and, uri-
nary excretion of taurine between the elderly with dementia and the normal
elderly.

“O3S(CH,),NH,  +

COOH

Taurine Fluorescamine Fluorophore

Fig. 1 Formation of taurine-fluorescamine fluorophore
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2 Methods

2.1 Subjects

Forty-eight urine samples and forty-eight serum samples were collected from 22
elderly with dementia (8 men, 14 women) using 3 dementia daytime care centers
and 26 normal elderly (2 men, 24 women) living in Incheon, Korea. The study pro-
tocol was approved by the IRB (Institutional Review Board) of Inha University.
(150604-1A).

2.2 Data Collection

It is well known that the elderly with dementia cannot answer the dietary question-
naires properly. So their family caregivers finished the questionnaires instead of
them in July, 2015. The items of the questionnaires included general characteristics
(gender, age, height, and body weight) and dietary intakes. Height and body weight
were measured with stadiometer and digital weight scale. Dietary intakes (all foods
and beverages) of the subjects were surveyed for the previous 24 h. Blood samples
(after 12 h of overnight fasting) were collected with the agreement of elderly
themselves or their family caregivers. The urine and serum samples were stored at
—20°C before taurine concentration measurement.

2.3 Chemicals

Taurine (99%) was from Dong-A Pharmaceutical Company. Boric acid, super-
purity acetonitrile, and fluorescamine (98%) were from Sigma-Aldrich. HPLC
grade acetonitrile, methanol, and tetrahydrofuran were from J.T. Baker.

2.4 Sample Preparation

One hundred microliters of serum or urine samples were mixed with 150 pL of
super-purity acetonitrile and then centrifuged at 3000 rpm for 15 min to obtain
supernatants. Borate buffer (50 pL), which was prepared from aqueous disodium
tetraborate solution (100 mM) adjusted to pH 9.2 with 10 mM boric acid, were
added to the supernatants to give approximately pH 9 solution. Then 50 pL of fluo-
rescamine reagent in acetonitrile (5 mM) was added to each solution, immediately
vortex mixed (McMahon et al. 1996). The resulting sample solutions (20 pL) were
analyzed on the HPLC system within 40 min.
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2.5 Experiment

Blood lipid levels (total cholesterol, low-density lipoprotein cholesterol, high-
density lipoprotein cholesterol, and triglyceride) were determined using Lipido Pro
(Impopia, Korea). The taurine concentrations were measured using HPLC system
(Agilent Technologies 1200 series HPLC) and Waters C18 reverse-phase column
(250mm x 4.6 mm.d.) at 20 °C. The mobile phase was composed of tetrahydrofuran-
acetonitrile-phosphate buffer (pH 3.5) (4:22:74, v/v/v). The flow rate of the elution
is 1 mL/min. UV/VIS detection was carried out at 382 nm, which is the maximum
absorbance wavelength for the taurine-fluorescamine derivative.

2.6 Statistic Analysis

The significance was determined by Student t-test and Mann-Whitney-test.
Each value was expressed as mean + SE (standard error). Difference was con-
sidered statistically significant when the calculated P value was less than 0.05.

3 Results and Discussion

3.1 General Characteristics

General characteristics of the elderly were presented in Table 1. The percentage
of women (79.2%) was higher than men (20.8%). Although age distribution of
the subjects was from 60 to 90 years old, more than 50% was over 80 years old.

Table 1 General characteristics

Variables ‘ Total (n = 48) ‘ Dementia (n = 22) ‘ Normal (n = 26)
Gender
Men 10(20.8) 8(36.4)" 2(7.7)
Women 38(79.2) 14(63.6) 24(92.3)
Age
60 ~ 69 7(14.6) 5(25.0) 2(7.7)
70 ~79 14(29.2) 5(25.0) 9(34.6)
80< 25(52.1) 10(50.0) 15(57.6)
BMI*
Under weight 1(2.1) 0(0) 1(3.8)
Normal 27(56.3) 12(60.0) 15(57.7)
Overweight< 18(37.5) 8(40.0) 10(38.5)

Data were expressed as N (%).

*P < 0.05(by student t-test and x>-test).

“BMI (body mass index) was calculated as body weight (kg) divided by height squared (m?)
BMI < 18.5(under weight), 18.5 < BMI < 23(normal), BMI > 23(overweight)
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The BMI level of subjects over 50% was normal, and there was no significant dif-
ference between the two groups.

3.2 Blood Lipid Level

The relationship between serum lipids and dementia in the elderly is not clear
(Lesser et al. 2001). However, it has been reported, that many risk factors can
increase the risk of dementia. The risk factors include age, high total cholesterol
level in midlife, cardiovascular related disease, low-density lipoprotein choles-
terol (LDL cholesterol) level, high serum apolipoprotein level, and high lipopro-
tein levels, etc. High total cholesterol level is one of the predominent risk factor
leading to dementia (Panza et al. 2006; Wakutani et al. 2002; Zarrouk et al.
2015). So, the blood lipids (total cholesterol, HDL cholesterol, LDL cholesterol,
and triglyceride) were measured in this study. According to Table 2, the total
cholesterol level of elderly with dementia is higher than the normal elderly,
which is similar to the previous study (Zarrouk et al. 2015). Cholesterol is the
main lipid ingredient of myelin and neuronal membranes. Myelin breakdown as
a risk factor to dementia’s disease might degrade cognitive processing speed.
Abnormality of cholesterol homeostasis may have impact on maintenance of
myelin (Bartzokis et al. 2007).

According to Table 2, LDL cholesterol of the elderly with dementia is higher
than that of normal elderly. However, HDL cholesterol level is different from that
of Bartzokis G’s study where the HDL cholesterol level has no difference between
elderly with dementia and normal elderly (Bartzokis et al. 2007). LDL choles-
terol of 22 elderly people with dementia is significantly higher than that of 23
normal elderly people. There was no significant difference in total cholesterol and
HDL cholesterol between elderly with dementia and normal elderly (Moroney
et al. 1999).

Table 2 Blood lipid levels of Blood lipid (mg/dL) Dementia Normal

the subjects Total cholesterol 1917 +7.0" 141456
HDL cholesterol 46.0 £2.4™ 31.8+2.7
LDL cholesterol 114.1 £4.9™ 70.1 £6.6
Triglyceride 140.0 £ 20.0 223.4+294

Data were expressed as mean = SE
##%P<0.001, ¥*¥P<0.01 (by student t-test and Mann-Whitney-test)
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Fig. 2 Comparison between taurine contents in the dietary intake, urine, and serum. Mean values
were marked in the middle of the bar. P < 0.05 by Student t-test and Mann-Whitney-test

3.3 Comparison Between the Elderly with Dementia
and the Normal Elderly in Taurine Contents of Dietary
Intake, Urine, and Serum Samples

According to Fig. 2, the normal elderly took more taurine than the elderly with
dementia. The taurine concentration in serum in the elderly with dementia was
56.7 + 7.57 pM, however, that was just 49.30 = 4.06 pM in the normal elderly. The
results were similar to those previously reported (Inoue et al. 2003; Kataoka et al.
1984; Trautwein and Hayes 1991). There was a slight difference in serum taurine
level between the elderly with dementia and the normal elderly. However, urinary
excretion of taurine in the elderly with dementia was approximately 40% higher
than that of the normal elderly (P < 0.05). Healthy people have a wide range in urine
taurine concentration which varies from 8 to 1500 pM (Fekkes et al. 2000; Mou
et al. 2002; Qu et al. 1999). The results of taurine concentration in this study were
similar to the previous study. The result of this study showed that urinary excretion
of taurine in the elderly with dementia was much higher than that of the normal
elderly.

3.4 Dietary Nutrients Intake Data Including Taurine

Supply of nutrients is vitally important for neuronal health of the brain (Bourre
2006). To a certain extent, nutritious food intake may prevent or delay the onset of
neurodegenerative diseases such as dementia (Joseph et al. 2009). According to the
following study, nutritional supplements were applied to a group of elderly with
dementia living in nursing-homes and later it was found that morbidity and mortal-
ity of this group were reduced after few year follow-up (Gil et al. 2002). In this
study, dietary nutrients intake was surveyed in men and women groups which took
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Table 3 Dietary nutrients intake data including taurine

63

Men ‘Women
Nutrients (unit) | Dementia Normal Dementia Normal
Energy (kcal) 2031.9 +154.2 1644.4 + 40.3 19394 £ 11337 | 941.9+72.3
Protein (g) 95.7 +8.5 40.2 +28.5 81.3+54™ 304 2.7
Lipid (g) 58.5+6.3" 16.7 £ 16.0 50.0 £ 5.1 139+14
Vitamin A 1065.8 + 193.1 537.8 £493.4 807.0 £ 96.5™ 544.5 +99.3
(ng RE)
Vitamin D (pg) [4.6x14 1.0+ 1.0 1.8 0.5 0.8+0.2
Riboflavin (mg) | 1.6 +£0.2° 0.7+0.4 1.2+09™ 0.6+0.1
Vitamin B¢ (mg) | 1.9 0.2 1.1+£0.7 1.7+0.17 0.8 +0.1
Folate (pg) 672.9 = 87.9 513.1 £328.4 546.3 +41.8™ 301.6 £32.2
Vitamin B, (pg) | 10.2+2.4 6.6 6.0 8.3+24 5.1+1.0
Calcium (mg) 956.9 +102.8 409.5 + 300.6 735.4 +79.5™ 303.5+41.5
Phosphorus (mg) | 1603.9 +124.2 | 769.0 +570.8 1355.9 £98.1" 553.2+48.9
Taurine (mg) 116.6 +39.2 467.0 +434.2 151.1 +35.7 203.9 +58.7

Data were expressed as mean + SE
##%kP < 0.001, **P < 0.01, *P < 0.05 Student t-test and Mann-Whitney-test

different amount of energy. The intakes of lipid and riboflavin of elderly men with
dementia were higher than the normal elderly (P < 0.05). In the previous study, high
fat and high cholesterol diet raised the content of p-peptide in mice’s brain, and
excessive P-peptide precipitation in the brain would be a risk factor to dementia
(Refolo et al. 2000). In a test of 815 elderly persons as objects studied for about 4
years, it was reported that higher intakes of saturated and trans-unsaturated fats
increased the risk of dementia (Morris et al. 2003). In this study, women with
dementia, all nutrients except vitamin D, vitamin B,, and taurine were higher than
those of the normal elderly women (P < 0.01). The taurine intake of the normal
elderly was higher than that of the elderly with dementia. However, there was no
statistically difference between the elderly with dementia and normal elderly in
taurine intake (Table 3).

4 Conclusion

According to the results of this study, taurine excretion has a significant relationship
with dementia, also, it is found that dementia has no relationship with gender, BMI
level and age from 60 to 90. Although the taurine contents of dietary intake of the
elderly are approximately equal, the elderly with dementia have higher urinary
excretion of taurine. It is convincing that the higher urinary excretion of taurine in
the elderly can be an evidence or imminent sign of dementia. This specific evalua-
tion method based on this study might be useful in the diagnosis or in the prevention
of dementia.



64 R. Gao et al.

References

Anzano MA, Naewbanij JO, Lamb AJ (1978) Simplified two-step column-chromatographic deter-
mination of taurine in urine. Clin Chem 24:321-325

Bartzokis G, Lu PH, Geschwind DH, Tingus K, Huang D, Mendez M (2007) Apolipoprotein E
affects both myelin breakdown and cognition: implications for age-related trajectories of
decline into dementia. Biol Psychiatry 62(12):1380-1387

Bourre JM (2006) Effects of nutrients (in food) on the structure and function of the nervous sys-
tem: update on dietary requirements for brain. Part 1: micronutrients. J Nutr Health Aging
10:377-385

Fekkes D, Voskuilen-Kooyman A, Jankie R, Huijmans J (2000) Precise analysis of primary amino
acids in urine by an automated high-performance liquid chromatography method: comparison
with ion-exchange chromatography. J Chromatogr B Biomed Sci Appl 744:183-188

Gil GP, Diaz SR, Casado JR (2002) Dementia and Nutrition. Intervention study in institutionalized
patients with Alzheimer disease. J Nutr Health Aging 7(5):304-308

Inoue H, Fukunaga K, Tsuruta Y (2003) Determination of taurine in plasma by high-performance
liquid chromatography using 4-(5,6-dimethoxy-2-phthalimidinyl)-2-methoxyphenylsulfonyl
chloride as a fluorescent labeling reagent. Anal Biochem 319:138-142

Javed H, Khan A, Vaibhav K, Khan MM, Ahmad A, Ahmad ME, Ahmad E, Tabassum R, Islam F,
Safthi MM, Islam F (2013) Taurine ameliorates neurobehavioral, neurochemical and immuno-
histochemical changes in sporadic dementia of Alzheimer’s type (SDAT) caused by intracere-
broventricular streptozotocin in rats. Neurol Sci 34:2181-2192

Joseph J, Cole G, Head E, Ingram D (2009) Nutrition, brain aging, and neurodegeneration.
J Neurosci 29:12795-12801

Kataoka H, Matsuba K, Makita M (1984) Determination of taurine in whole blood and plasma by
gas liquid chromatography. Yakugaku Zasshi 104:1054-1058

Kelly MT, Fabre H, Perrett D (2000) Determination of taurine in plasma by capillary zone electro-
phoresis following derivatisation with fluorescamine. Electrophoresis 21:699-705

Kim HY, Kim HV, Yoon JH, Kang BR, Cho SM, Lee S, Kim JY, Kim JW, Cho Y, Woo J, Kim YS
(2014) Taurine in drinking water recovers learning and memory in the adult APP/PS1 mouse
model of Alzheimer’s disease. Sci Rep 2014:7467

Lesser G, Kandiah K, Libow LS, Likourezos A, Breuer B, Marin D, Mohs R, Haroutunian V,
Neufeld R (2001) Elevated serum total and LDL cholesterol in very old patients with
Alzheimer’s disease. Dement Geriatr Cogn Disord 12(2):138-145

McMahon GP, O’Kennedy R, Kelly MT (1996) High-performance liquid chromatographic deter-
mination of taurine in human plasma using pre-column extraction and derivatization. J Pharm
Biomed Anal 14:1287-1294

Moroney JT, Tang MX, Berglund L, Small S, Merchant C, Bell K, Stern Y, Mayeux R (1999) Low
density lipoprotein cholesterol and the risk of dementia with stroke. JAMA 282:254-260

Morris MC, Evans DA, Bienias JL, Tangney CC, Bennett DA, Aggarwal N (2003) Dietary fats and
the risk of incident Alzheimer disease. Arch Neurol 60(2):194-200

Mou S, Ding X, Liu Y (2002) Separation methods for taurine analysis in biological samples.
J Chromatogr B 781:251-267

Panza F, D’Introno A, Colacicco AM, Capurso C, Pichichero G, Capurso SA (2006) Lipid metabo-
lism in cognitive decline and dementia. Brain Res Rev 51(2):275-292

Park T, Kang HW, Park J, Cho S (2001) Dietary intakes, plasma levels and urinary excretions of
taurine in adolescents and adults residing in the Seoul area. Kor J Nutr 34:440-448

Prince M, Guerchet M, Prina M (2013) The global impact of dementia 2013-2050. Alzheimer’s
Disease International, London

Qu F, Qi ZH, Liu KN, Mou SF (1999) Ion chromatographic determination of taurine in medicine,
nutrient capsule and human urine with electrochemical detection. J Chromatogr B Biomed Sci
Appl 730:161-166



Comparison of Urinary Excretion of Taurine 65

Refolo LM, Pappolla MA, Malester B, LaFrancois J, Bryant-Thomas T, Wang R (2000)
Hypercholesterolemia accelerates the Alzheimer’s amyloid pathology in a transgenic mouse
model. Neurobiol Dis 7(4):321-331

Trautwein EA, Hayes KC (1991) Evaluating taurine status: determination of plasma and whole
blood taurine concentration. J Nutr Biochem 2:571-576

Tyson JE, Lasky R, Flood D, Mize C, Picone T, Paule CL (1989) Randomized trial of taurine
supplementation for infants\g=le\1300-Gram birth weight: effect on auditory brainstem-evoked
responses. Pediatrics 83:406-415

Wakutani Y, Kowa H, Kusumi M, Yamagata K, Wada-Isoe K, Adachi Y, Takeshima T, Urakami K,
Nakashima K (2002) Genetic analysis of vascular factors in Alzheimer’s disease. Ann N'Y
Acad Sci 977:232-238

Wortmann M (2012) Dementia: a global health priority-highlights from an ADI and World Health
Organization report. Alzheimers Res Ther 4:40

Zarrouk A, Riedinger JM, Ahmed SH, Hammami S, Chaabane W, Debbabi M, Sofiene BA, Olivier
R, Mahbouba F, Gérard L, Mohamed H (2015) Fatty acid profiles in demented patients: identi-
fication of hexacosanoic acid (C26: 0) as a blood lipid biomarker of dementia. J Alzheimers
Dis 44:1349-1359

Zielinska M, Sawosz E, Grodzik M, Balcerak M, Wierzbicki M, Skomial J, Sawosz F, Chwalibog
A (2012) Effect of taurine and gold nanoparticles on the morphological and molecular charac-
teristics of muscle development during chicken embryogenesis. Arch Anim Nutr 66:1-13



Past Taurine Intake Has a Positive Effect
on Present Cognitive Function in the Elderly

Mi Ae Bae, Ranran Gao, Sung Hoon Kim, and Kyung Ja Chang

Abstract This study investigated the associations between dietary history of past
taurine intake and cognitive function in the elderly. Subjects of this study were 40
elderly persons with dementia (men 14, women 26) and 37 normal elderly persons
(men 5, women 32). Data were collected using questionnaires by investigator-based
interview to the elderly and family caregivers. We examined their general characteris-
tics, anthropometric data, cognitive function, and taurine index. Cognitive function
was measured using MMSE-DS and higher score means better cognitive function. As
dietary history of past taurine intake, taurine index was evaluated by scoring the intake
frequency of 41 kinds of taurine-containing foods. Part correlation analysis (sex, age,
and school educational period correction) was used to analyze associations between
taurine index and cognitive function. The analysis of all data was carried out by the
SPSS 20.0 program for windows. The age, height, weight, and BMI of elderly with
dementia showed no statistical significance compared to normal elderly. The elderly
with dementia had significantly higher school education period (7.4 years) than the
normal elderly (4.8 years) (p < 0.01). Nevertheless, the average total score of cogni-
tive function (MMSE-DS) of the elderly with dementia (18.1 points) was significantly
lower than score of the normal elderly (21.7 points) (p < 0.05). The average taurine
index of the elderly with dementia (104.7 points) was significantly lower than average
taurine index of the normal elderly (123.7 points) (p < 0.01). There were positive cor-
relations between total taurine index and total score of cognitive function in all the
elderly subjects (p < 0.05). In particular, as taurine index was higher, there were sig-
nificantly higher scores of cognitive function such as ‘time orientation’ and ‘judge-
ment and abstract thinking’ (p < 0.01). In conclusion, these results suggest that past
taurine intake may have a positive effect on present cognitive function in the elderly.
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Abbreviations

BMI Body Mass Index
MMSE-DS  Mini-Mental State Examination-Dementia Screening

1 Introduction

The life expectancy is increasing by economic growth, improved living levels, and
developments of medical technology. Therefore, the ratio of the elderly population
has increased rapidly in Korea. The elderly has various age-related chronic diseases
such as diabetes, hypertension, dementia, and dyslipidemia (Kim et al. 2015).
Dementia which has been one of the serious social problems is a typical chronic
disease of the elderly and it is degenerative brain disorder that developed steadily
over several years (Cooper 2014).

Currently there are over 67 million dementia patients in Korea and the number is
increasing gradually every year (Central dementia center 2016). The cause and
pathogenesis of Alzheimer’s disease, accounting for 60 ~ 70% of dementia were not
clearly identified (Kim and Han 2012). However, it is known fact that a protein
called beta-amyloid had detrimental effect on brain cells (Braak and Braak 1991;
Morris et al. 2004).

According to previous studies, there have been reported the risk factors of
dementia such as age, sex, educational level, genetic factors, marital status, diabe-
tes, and meal factors (Suh et al. 2000; Won and Kim 2003). Also the poor nutri-
tional status of the B vitamins including folic acid was related to lower cognitive
function in the elderly (Dangour et al. 2010; Duthie et al. 2002; Kim et al. 2011;
Wang et al. 2001). Although many researchers are actively studying the risk factors
that may cause dementia, there is no radical prevention and treatment for Alzheimer’s
disease yet.

Recently it was reported that taurine may recover learning and memory in
dementia in animal experiments (Kim et al. 2014). Taurine is the free sulphur-
containing amino acid that is distributed at high concentrations in human body
(Huxtable 1992). Taurine plays a significant role in biological function such as brain
function and it has been known that there are neuroprotective effects for the demen-
tia of various types (Chen et al. 2001; Wanga et al. 2007). Although recent study
related to taurine have been reported in animal experiments, it was result that sup-
ported specific association between taurine and dementia (Kim et al. 2014).
However, it is not a study of people with dementia, and studies of the elderly with
dementia are lacking.

Therefore, we tried to investigate the associations between taurine intake and
cognitive function through present taurine intake as well as dietary history of past
taurine intake in the elderly with or without dementia.
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2 Methods

2.1 Subjects

In this study, the subjects were 40 elderly persons with dementia using in three demen-
tia daytime care centers (men 14, women 26) and 37 normal elderly persons using in
one welfare center (men 5, women 32) in Incheon, a Metropolitan City of Korea.

2.2 Data Collection

Data were collected using questionnaires by investigator-based interview to the
elderly and family caregivers in July, 2015. We examined the general characteristics,
anthropometric data, cognitive function, taurine intake, and taurine index of the sub-
jects. In the section of general characteristics, the subjects were asked about age,
school education period. For anthropometry, height and body weight measured
using a stadiometer and a digital scale, respectively. Body weight divided by height
squared was calculated as BMI. Cognitive function was measured using
MMSE-DS. It is most widely used, easy, and simple dementia screening question-
naire in the world and higher score means better cognitive function (Han et al. 2010).

The plan of study was got approval by the Institutional Review Board (IRB) of
the Inha University (150604-1A) and after receiving an explanation of the study
purpose, written consent was obtained from participants.

2.3 Taurine Intake and Taurine Index

Assessment of present taurine intake was conducted through the 24-h recall method
and analyzed using computer program (The Korean Nutrition Society, CAN-pro
4.0, Korea).

As dietary history of past taurine intake, taurine index was evaluated by scoring
the intake frequency of 41 kinds of taurine-containing foods. The foods of 41 kinds
of taurine-containing were selected with reference to taurine content in the previous
study (Kim et al. 1999). Taurine was mainly contained in seafood.

The foods of 41 kinds are divided by 3 groups according to taurine content;
group with high content of taurine (HTG, > 500 mg/100 g), group with intermediate
content of taurine (ITG, 100 ~ 499.9 mg/100 g), and group with low content of tau-
rine (LTG, <100 mg/100 g), and scores of the taurine-containing food group were
scored 1 ~ 3 points.

There are 17 kinds of foods in the HTG group; octopi, short arm octopus, cockle,
mussel, little neck clam, blue crab, abalone, oyster, dried anchovy, dried shrimp,
and taurine-containing drinks. In the ITG group, 13 foods are included; cuttlefish,
octopus, mackerel, saury, spanish mackerel, flatfish, atka mackerel, frozen pollock,
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anglerfish, skate, shrimp, capsosiphon, and laver. In the LTG group, 11 foods are
included; boiled rice, rice with beans, multi-grain rice, pork, beef, chicken, duck,
egg, green vegetables, fruits, cutlassfish, croaker, eel, seaweed, green laver, sea tan-
gle, and dried calamari.

Frequency of each food intake was asked according to a 5-point Likert scale and
it was scored 0 ~ 4 points as follows; never eat (0 point), rarely eat (1 point), 2 ~ 3
times per a month (2 points), 2 ~ 3 times per a week (3 points), everyday (4 points).

Therefore, taurine index was calculated by multiplying the score of the taurine-
containing food group and the score of the taurine-containing food intake frequency,
and range of taurine index were 0 ~ 12 points.

Taurine index (point) = score of the taurine-containing food group x score of the
taurine-containing food intake frequency.

2.4 Statistical Analysis

We analyzed all data statistically with the SPSS 20.0 program for windows.
Statistical significance was decided by Student t-test, and correlations of taurine
intake, taurine index, and cognitive function were decided by part correlation analy-
sis (sex, age, and school educational period correction). Significantly differences of
results were considered at p < 0.05.

3 Results and Discussion

3.1 General Characteristics and Anthropometric Data

Table 1 shows general characteristics and anthropometric data of the subjects.
Although we tried to conduct case-control study (sex, age, and BMI—matched), the
number of the subjects was not correctly sex, age, and BMI matched due to difficul-
ties of subject collection.

Table 1 General characteristics and anthropometric data of the subjects

Men Women
Variables (units) Dementia Normal Dementia Normal
Age (year) 782+ 1.8 78.2+3.6 80.3+1.5 794 +1.2
Height (cm) 160.7 2.0 161.6 2.4 147.1 = 1.1 148.1 1.5
Weight (kg) 62.1+2.7 63.1+19 523+14 54.6+1.5
BMI (kg/m?) 24.0+0.9 242 +0.8 242 +0.6 24.9 0.6
Education period (year) 9.0+0.7 7.8+1.2 6.6 0.8 43x0.7

Mean + SE, "p < 0.05
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The age, height, weight, and BMI of elderly with dementia showed no statistical
significance compared to normal elderly. However, according to the 6th Korea
National Health and Nutrition Examination Survey (KNHNE), the average height,
weight, and BMI of men >70 years old were 164.3 cm, 62.2 kg, and 23.0 kg/m?* and
those of women >70 years old were 149.6 cm, 53.6 kg, and 23.9 kg/m?, respectively.
The average height and weight of our subjects were lower or similar to those of the
KNHNE, and the BMI of our subjects was higher compared to the same age group in
Korea.

There was no significant difference in school education period between
elderly men with dementia and normal men elderly. However, school education
period of the elderly women with dementia was significantly longer than that of
the normal women elderly (6.6 years vs. 4.3 years) (p < 0.05). Although it was
not shown directly in Table 1, The elderly with dementia had significantly
higher school education period (7.4 years) than the normal elderly (4.8 years)
(» <0.01).

Many previous studies reported association with the educational level and preva-
lence of dementia. According to the previous studies, the people with low educa-
tional level may have higher prevalence of dementia (Kim et al. 1998; Kim and Han
2012; Van Oijen et al. 2007), and the prevalence of Alzheimer’s disease correlated
with the level of education, and it was highest in the illiterate group defined as 1
year of education or less (Zhou et al. 20006).

Because the people with low educational level may have low income, medical
benefits, and nutrition intakes compared to people with higher educational level,
they seems to have higher prevalence of Alzheimer’s disease as well as many chronic
diseases.

Nevertheless, the result in this study showed a difference compared to the previ-
ous studies in which people with low educational level may have higher prevalence
of dementia.

3.2 Cognitive Function

The average total score of cognitive function (MMSE-DS) of the elderly with
dementia (18.1 points) was significantly lower than score of the normal elderly
(21.7 points) (p < 0.05). In particular, scores of ‘time orientation’, ‘memory’, and
‘judgement and abstract thinking’ of the elderly with dementia were significantly
lower than that of the normal elderly (p < 0.01) (Table 2).

According to previous studies related to cognitive function (evaluated by
MMSE, MMSE-K, and K-MMSE), the average scores of cognitive function of
the elderly with dementia living in care facilities were 9.13 ~ 15.41 points (Kim
2006, 2009; Kim and Jung 2013; Lee 2008; Yu et al. 2015). In particular, score of
‘time-place orientation’ was the lowest and that of ‘language’ was the relatively
higher score (Kim and Jung 2013). The average score of cognitive function of the
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Table 2 Cognitive function MMSE-DS (point) Dementia Normal

of the subjects Average total 181087 |21.7=08
Time orientation 2.1+0.3" 40x02
Place orientation 3.1+£03 3.6+0.2
Memory 35027 147+02
Attention 2.1+03 22+03
Language 29+0.1" [25+0.1
Ability to execute 24+0.1 25+0.1
Visuospatial construction 0.6+0.1" 0.3+0.1
Judgement and abstract 1.6+0.1" |1.9+0.1
thinking

Mean + SE, “p < 0.05, “p < 0.01

elderly with dementia in this study was 18.1 points. It was higher score compared
to previous studies. It may be considered that the subjects of previous studies
have more severe dementia of the care facility than the dementia daytime care
center in the study.

3.3 Taurine Intake and Taurine Index

Present taurine intake and taurine index as dietary history of past taurine intake
of the subjects are shown in Table 3. There was no significant difference in pres-
ent taurine intake between elderly with dementia and normal elderly. Taurine
intakes of the elderly with dementia and the normal elderly in this study were
236.2 mg/day and 231.1 mg/day, respectively. Taurine intake references were
not in the 2015 Dietary Reference Intakes for Koreans (KDRI) and
KNHNE. However, taurine dietary intakes of two groups were higher compared
with that in previous studies (85.5 ~ 216 mg) (Kim et al. 2003; Park et al. 2001;
Yim et al. 2004).

The average total of taurine index of the elderly with dementia (105.3 points)
showed statistical significance, being lower compared to the normal elderly (124.2
points) (p < 0.01). These results could have significant implications in terms that
reflect the frequency of taurine intake in the past, and as taurine index was higher,
there were significantly higher scores of cognitive function.

As for taurine index of each food, croaker, seaweed, sea tangle, dried calamari,
atka mackerel, frozen pollock, anglerfish, shrimp, capsosiphon, cockle, mussel, lit-
tle neck clam, blue crab, oyster, and dried shrimp in the elderly with dementia were
significantly lower than that of normal elderly (p < 0.05). In particular, the intake of
shellfish such as cockle, mussel, and little neck clam in the elderly with dementia
was significantly lower than the normal elderly (p < 0.01).
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Table 3 Present taurine
intake and taurine index of
the subjects

Variables (units)

Dementia

Normal

Taurine intake (mg/day)*

236.2 +37.5

231.1 £51.5

Taurine index (point)®

Average total

11053 +4.8" | 1242+42

Foods included in the HTG

Octopi 3604 35+04
Short arm octopus 34+04 41+04
Cockle 35+0.3" 4.8+03
Mussel 35+0.3" |53+0.2
Little neck clam 3.8+0.3" 54+03
Blue crab 4.1+0.3" 50+0.3
Abalone 35+03 44+03
Opyster 3.8+0.3" 49+03
Dried anchovy 57+04 64+04
Dried shrimp 3.7+£04" 54x03
Taurine-containing drink | 0.3 = 0.1 02+0.1
Foods included in the ITG

Cuttlefish 28+0.3 3.0+04
Octopus 20+0.2 2.1+0.3
Mackerel 3.1+0.3 29+03
Saury 2.8+0.2 32+02
Spanish mackerel 29+0.2 33+0.2
Flatfish 27+0.2 32+03
Atka mackerel 22+0.2" 29+0.3
Frozen pollock 2.6+£0.3" 3.6+0.2
Anglerfish 22+0.2 2.8+0.2
Skate 2002 24+03
Shimp 2.7+0.2" 34+0.2
Capsosiphon 24 +0.17 3.1+02
Laver 5.0+03 54+03
Foods included in the LTG

Boiled rice 1.7+0.2 22+0.2
Rice with beans 1.9+0.1 1.8 0.1
Multi-grain rice 33+0.1 3.1+0.1
Pork 1.9+0.1 1.8 +0.1
Beef 2.1+0.1 1.7+0.1
Chicken 1.8+0.1 1.7+0.1
Duck 1.6 £0.1 1.6 £0.1
Egg 2.1+0.1 2.0+0.1
Green vegetables 24+0.1 24+0.1
Fruits 24+02 25+0.2
Cutlassfish 1.7+0.1 1.8 +0.1
Croaker 1.7+0.1" 20+0.1

(continued)
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Table 3 (continued) Variables (units) Dementia Normal
Eel 1.0x0.1 1.2x0.1
Seaweed 1.9+0.1° 23+0.1
Green laver 1.4+0.1 1.6 £0.1
Sea tangle 1.3£0.1" 1.8 +0.1
Dried calamari 0.7+0.1" 1.4+0.1

Mean =+ SE, p < 0.05, “p < 0.01, “"p < 0.001

“Present taurine intake (by 24-h recall and analysis using
CAN-pro 4.0)

"Dietary history of past taurine intake (score of the taurine-
containing food group X score of the taurine-containing food
intake frequency)

According to previous study, the elderly who ate seafood (including fish) more
than once a week had lower risk of developing dementia, and the elderly who do not
eat fish have the risk of Alzheimer’s disease 5 times higher than the elderly who eat
fish more than once a day (Barberger-Gateau et al. 2002). Recently it was reported
that older adults without dementia who eat one or more servings of seafood per
week have less cognitive decline than those who eat less than one serving of sea-
food per week (Shinto 2016). According to Luchsinger and Mayeux (2004), Fish-
related fat is associated with a low risk of vascular disease and it may be beneficial
to prevent from cognitive decline and Alzheimer’s disease. From these results,
development of dementia may lower through the dietary habits of eating seafood
including fish.

In addition, omega-3 fatty acids contained in fish inhibited accumulation of
abnormal protein beta-amyloid in the brain and reduced the risk of dementia (Jin
and Jeon 1999; Kalmijn 2000; Barberger-Gateau et al. 2007). Also there was a posi-
tive correlation between the memory and the intake of fish and shellfish (Jung et al.
2008). Therefore, it may be necessary to recommend eating fish and shellfish that
contain a large amount of taurine and omega-3 fatty acids.

3.4 Part Correlations of Taurine Intake, Taurine Index,
and Cognitive Function

There were no significant associations between present taurine intake and scores of
cognitive function in all the elderly subjects. However, positive association was
shown between taurine index which mean past taurine intake and total score of
cognitive function (p < 0.05). In particular, as taurine index was higher, there were
significantly higher scores of cognitive function such as ‘time orientation’ and
‘judgement and abstract thinking’ (Table 4) (p < 0.01).
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Table 4 Part correlations of present taurine intake, taurine index, and cognitive function of the
subjects

Taurine Intake* Taurine Index®
Cognitive function (MMSE-DS) The correlation coefficient
Total score 0.008 0.250"
Time orientation 0.017 0.376™
Place orientation —0.020 0.195
Memory 0.109 0.216
Attention —0.104 0.085
Language —0.131 —0.155
Ability to execute 0.045 0.044
Visuospatial construction 0.153 —0.203
Judgement and abstract thinking 0.086 0.311™

Mean + SE, "p < 0.05, “p < 0.01

“Present taurine intake (by 24-h recall and analysis using CAN-pro 4.0)

"Dietary history of past taurine intake (score of the taurine-containing food group x score of the
taurine-containing food intake frequency)

4 Conclusion

These results suggest that past taurine intake may have a positive effect on present
cognitive function in the elderly. Therefore, it may be necessary for prevent demen-
tia to eat enough taurine-rich seafood or to supplement taurine as health foods
continuously.
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Dietary Taurine Supplementation in School
Meals Has Positive Effect on School Attitude
Assessment in Korean High School Students

So Hyun Park, Su Ji Park, and Kyung Ja Chang

Abstract This study was conducted to evaluate the effect of supplementation with
taurine-rich foods on school attitude assessment (SAA) in high school students.
A total of 134 subjects were divided into a taurine-rich food supplemented (TS)
group (68 subjects) and control group (66 subjects). For the TS group, school dinners
supplemented with taurine-rich foods were provided for 5 days and average dietary
amount of taurine supplementation was 466.2 mg/school dinner. Control group ate
dinner at home or at restaurant ad libitum. The school attitude assessment survey-
revised and 24-h recall method were used for SAA and dietary assessment, respec-
tively. There were no significant differences in scores of dietary attitudes between the
TS and control groups by gender. Average dietary taurine intake of the TS group
(649.8 mg/day in males, 634.5 mg/day in females) was significantly higher compared
to the control group (392.4 mg/day in males, 334.4 mg/day in females) (p < 0.01 in
males and p < 0.001 in females, respectively). Total SAA scores in the T'S group were
significantly higher compared to the control group (p < 0.01) for attitudes toward
teachers, goal valuation, and motivation/self-regulation (p < 0.01). Dietary taurine
intake was showed positive correlations with scores for academic self-perception
(p < 0.05), attitudes towards teachers (p < 0.001), goal valuation (p < 0.01), motiva-
tion/self-regulation (p < 0.05), and total scores (p < 0.01). According to the results,
dietary taurine supplementation in school meals for 5 days had a positive effect on
SAA in high school students. Therefore, dietary taurine supplementation in school
and home meals may be necessary for improving SAA of high school students.
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BMI  Body mass index
SAA  School attitude assessment
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1 Introduction

It has been reported that student achievement is higher when school attitudes are
positive including attitudes towards school and teachers, academic self-conception,
motivation, and self-regulation (Ablard and Lipschultz 1998; Ak and Sayil 2006;
d’Ailly 2003; Powers et al. 2005; Trautwein et al. 2006). Previous studies reported
that low physical fatigue and psychological well-being against stress, depression,
etc. have a positive effect on school attitudes (Kim and Choi 2013; Kim et al. 2006).

Taurine may play an important role in physical and psychological well-being
(Stapleton et al. 1997). Dietary taurine intake is associated with physical effects such
as reduction of exercise-induced fatigue and improvement of exercise performance
ability in rats (Dawson et al. 2002; Yatabe et al. 2009). Dietary taurine intake also
was shown to have significant effects on endurance exercise performance and serum
fatigue parameters in athletes (Lee et al. 2003). Dietary taurine intake was shown to
be associated with a psychological anxiolytic-like effect in mice in an elevated plus-
maze (Chen et al. 2004). Further, dietary taurine intake was shown to be negatively
correlated with stress frequency and total scores of life stress in Korean female col-
lege students (Sung and Chang 2009). Although there have been previous studies on
the relationship between dietary taurine intake and psychological well-being in
students (Park et al. 2010, 2013), there has been no study on the relationship between
dietary taurine supplementation and school attitudes in students. Therefore, this
study was conducted to evaluate the effect of supplementation with taurine-rich
foods on school attitude assessment (SAA) in high school students.

2 Methods

2.1 Subjects and Study Design

The subjects were 134 high school students (71 male and 63 female) residing in the
Incheon area. The subjects were divided into the taurine-rich food supplemented
(TS) group and control group. The TS group consisted of 35 male and 33 female
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high school students who ate both lunch and dinner at school. The control group
consisted of 36 male and 30 female high school students who ate only school
lunches. This study was carried out using a self-administered questionnaire in order
to examine general characteristics, anthropometric data, dietary intake, and
SAA. After supplementation of school dinners with taurine-rich foods for 5 days in
the TS group, part of the questionnaire was used to assess changes in dietary intakes
and SAA of the TS and control groups.

2.2 Supplementation with Taurine-Rich Foods

Major source of dietary taurine is animal protein and it was reported that taurine
intake of approximately 40-400 mg per day through food intake was possible
(Rana and Sanders 1986). Average taurine intake of Korean high school students
was 219 + 16.9 mg per day (Park et al. 2001). To provide the maximum daily
intake of taurine in one meal for TS group, school dinners were supplemented
with taurine-rich foods (Kim et al. 1999; Park et al. 1998). Taurine-rich foods
used in school dinners were squid, webfoot octopus, dried shrimps, short neck
clam, and mussels. As shown in Table 1, school dinner menus were provided for
5 days. The average dietary taurine amounts before and after supplementation
with taurine-rich foods in school dinners were 216.7 mg and 466.2 mg,
respectively.

Table 1 School dinner menu supplemented with taurine-rich foods for 5 days

Dietary taurine
Dishes supplemented with (mg)
Day | Conventional menus taurine-rich foods Before® | After®
Ist | Boiled rice, Bean sprout soup?, Spicy seafood stew, Boiled 148.7 348.7
Stir-fried sausage, Stir-fried boiled | sausage quail eggs
fish paste, Kimchi
2nd | Multi-grain Rice, Egg drop soup, Dried pollack with egg drop | 522.3 785.7
Stir-fried pork, Seasoned acorn soup, Stir-fried pork with
jelly salad, Kimchi webfoot octopus
3rd | Multi-grain Rice, Banquet noodles, | Noodle soup with seafood, 164.2 382.2
Braised meatballs, Seasoned Braised fish meatballs
spinach, Kimchi
4th | Vegetarian Bibimbap, Egg drop Seafood fried rice, Soybean | 159.4 425.8
soup, Fried chicken, Kimchi paste stew with clams
5th | Boiled rice, Spicy chicken soup, Spicy chicken soup and 88.7 388.7
Braised meatballs, Fruit salad, dried shrimps, Braised fish
Kimchi meatballs, Caesar salad
Total 216.7 466.2
“Bold was changed a dish

"Before: Menu prepared without taurine-rich foods

°After: Menu prepared with taurine-rich foods
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2.3 General Characteristic and Anthropometric Data

General characteristics of subjects, including age, person preparing meals, and
experience of taurine-containing drink intake, were examined. The subjects’ height
and body weight values were presented as self-reported estimates, and BMI was
calculated as the weight in kg divided by the height in meters squared (kg/m?).

2.4 Dietary Taurine and Nutrient Intake Assessment

The 24-h recall method was used for assessment of dietary intake. Dietary taurine
and nutrient intakes were estimated using the computer-aided nutrition program
(CAN-pro 4.0, The Korean Nutrition Society Korea), which contains a taurine con-
tent database for 17 food groups (Kim et al. 1999; Park et al. 1998).

2.5 Measurement of SAA Scores

SAA scores were measured using SAAS-R (School Attitude Assessment Survey-
Revised), which is comprised of 29 items of five sub-scales including academic
self-perception (seven items), attitudes toward teachers (seven items), attitudes
towards school (five items), goal valuation (four items), and motivation/self-
regulation (six items). Each item response ranged from 1 (strongly disagree) to 5
(strongly agree) (Ahn and Kim 2009; McCoach and Siegle 2003b).

2.6 Statistical Analysis

Statistical analysis was performed using SPSS 20.0 for Windows. Frequency, per-
centage, and the mean and standard error (SE) were calculated for all variables and
analyzed by paired Student 7-test. Since pre-test scores of total and sub-scales in SAA
showed significant differences between TS and control groups, pre-test scores were
entered as covariate variables to perform ANCOVA. The correlation between dietary
taurine intake and SAA were analyzed using Pearson’s correlation coefficient.

3 Results and Discussion

3.1 General Characteristics and Anthropometric Data

General characteristics and anthropometric data of the subjects are shown in Table 2.
The average age of the subjects was 17.6 years (range 17-18 years), and the person
preparing meals was the mother in more than 70% of the subjects. There was no sig-
nificant difference in experience of taurine-containing drink intake between TS and
control groups by gender. Experience rates of taurine-containing drink intake of the
TS and control groups of male were 40.0% and 44.4%, and those of female were
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Table 2 General characteristic of the subjects
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Male (n=71) Female (n = 63)
Control Control

Variables TS (n=35) ' (n=36) TS (n=33) |(n=30)
Age (years) 17.7 £0.12 17.7 £ 0.1N 17.5+0.1 17.6 £ 0.1
Person who | Mother 28(80.0)" 26(72.2) 29(87.9) 21(70.0)
prepares Father 2(5.7) 4(11.1) 1(3.0) 0(0.0)
meals Grandmother | 3(8.6) 4(11.1) 1(3.0) 2(6.7)

Brother/sister 0(0.0) 0(0.0) 0(0.0) 0(0.0)

Myself 2(5.7) 2(5.6) 2(6.1) 6(20.0)

Others 0(0.0) 0(0.0) 0(0.0) 1(3.3)
Experience | Yes 14(40.0) 16(44.4) 16(48.5) 13(43.3)
of ) No 21(60.0) 20(55.6) 17(51.5) 17(56.7)
taurine-
containing
drinks
intake
Height (cm) 173.5+0.9 1719 = 1.0 160.2 + 0.7 163.3+1.0
Body weight (kg) 66.8 2.3 64.1+2.3 56.1 1.6 552+1.3
BMI (kg/m?) 22.2+0.7 21.6 0.7 21.2+0.5 20.7 0.5

“Mean + SE
°n (%)

NSNot Significant

48.5% and 43.3%, respectively. Taurine-containing drink intake of the subjects was
lower than that of high school students (71.3%) in Gyeoungbuk, Korea (Lee et al.
2014). In males, average height, body weight, and BMI of the TS and control groups
were 173.5 cm, 66.8 kg, and 22.2 kg/m? and 171.9 cm, 64.1 kg, and 21.6 kg/m?,
whereas those of females were 160.2 cm, 56.1 kg, and 21.2 kg/m? and 163.3 cm,
55.2 kg, and 20.7 kg/m?, respectively. According to the 2015 standard of Korean nutri-
ent intake based on age, the average height, weight, and BMI of male and female stu-
dents aged 1518 years were 173.3 cm, 63.1 kg, and 21.0 kg/m? and 160.9 cm, 53.1 kg,
and 20.5 kg/m?, respectively (Ministry of Health and Welfare and The Korean Nutrition
society 2015). The average height, body weight, and BMI of our subjects were similar
to those of the same age group of Korean high school students by gender.

3.2 Dietary Taurine and Nutrient Intakes

The average dietary taurine and nutrient intakes are shown in Table 3. After supplemen-
tation with taurine-rich foods in school dinners, there was a significant difference in
average dietary taurine intake between the TS and control groups by gender. In male
subjects, taurine intake was significantly higher in the TS group (649.8 mg/day) than
the control group (392.4 mg/day) (p < 0.01). In female subjects, average dietary taurine
intake was significantly higher in the TS group (634.5 mg/day) compared to the control
group (334.4 mg/day) (p < 0.001). Average dietary taurine intake in subjects was higher
than that in high school students (219 mg/day) in Seoul, Korea (Park et al. 2001).
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Table 3 Changes in nutrient intakes by supplementation with taurine-rich foods

Male (n=71) Female (n = 63)
Variables Before After Before After
(per day) TS Control | TS Control | TS Control | TS ‘ Control
Taurine (mg) | 189.8 |269.0 649.8 392.4 167.3 2429 634.3"" 343.9
Energy (kcal) | 1662.5 |1658.9 |2142.6 |1858.4 |1474.5 |14443 |1925.8 1740.8
Carbohydrate | 241.0 | 260.0 3147 12726 213.8 230.8 281.9 250.3
(2)
Total protein | 87.8" 70.2 53.2" 494 74.2 60.0 96.9 108.3
(g)
Total fat (g) 36.3 35.9 94.7 76.7 34.3 30.7 51.5 52.7
Vitamin A 466.6 | 567.4 683.0 |596.8 54277 |571.5 672.4 572.7
(ng RAE)
Vitamin B, 1.4 1.3 24" 1.9 1.2 1.2 2.3 2.0
(mg)
Vitamin B, 1.5" 1.2 1.9 1.1 1.4 1.1 1.2 1.3
(mg)
Vitamin B¢ 1.5" 2.1 2.3" 1.7 1.6 2.1 2.2 1.9
(mg)
Folic acid 302.9 | 368.6 408.6 |353.2 279.5 3336 385.7 325.1
(ng)
Vitamin C 394" 54.9 64.8 62.1 36.0 57.3 69.4 56.8
(mg)
Vitamin D 0.9" 6.4 5.8 4.1 4.1 6.6 4.8 5.4
(ng)
Vitamin E 8.1 9.1 9.6 10.5 7.4 7.7 11.2 12.6
(mg)
Vitamin K 94.8 89.4 113.0 104.9 72.6 74.6 117.4 96.8
(mg)
Calcium 250.9" |358.2 6204 | 566.1 305.6 3550 612.3 663.8
(mg)
Iron (mg) 14.6 12.7 18.6 13.7 12.1 11.7 16.2 14.0
Sodium (mg) |2549.8 |3284.1 |3417.9 |2968.1 |2465.9 |2752.3 |3353.6 |2916.4

‘p<0.5;"p<0.01; "p <0.001 (different between TS and control groups by Student #-test)

After supplementation with taurine-rich foods in school dinners, average intakes
of vitamin B, (p < 0.05), vitamin B4 (p < 0.01), iron (p < 0.05) in male subjects in
the TS group were significantly higher than those in the control group. In the study
of Park et al. (2001) it showed a positive correlation between the consumption of
taurine and other nutrient intakes (calorie, carbohydrate, protein, lipids, Vitamin A,
B,, C, iron, sodium). Therefore, consumption of foods with high taurine content
seems to increase the intake of other nutrients.

3.3 SAA Scores

SAA scores of subjects are shown in Table 4. Average total SAA score of the TS
group (107.0 points) was significantly higher compared to the control group (100.0
points) (p < 0.01). Especially, scores for attitudes towards teachers (p < 0.01), goal
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valuation (p < 0.01), and motivation/self-regulation (p < 0.01) of the TS group were
significantly higher than those of the control group. Scores for academic self-
perception (p < 0.05), attitudes towards teachers (p < 0.01), goal valuation (p < 0.05),
motivation/self-regulation (p < 0.05), and total SAA (p < 0.01) in male subjects of
the TS group were significantly higher than average scores. In female subjects, how-
ever, there was no significant difference in scores for total SAA and sub-scales
between the TS and control groups. It was reported that the SAA scores of middle
school students were lower than those of the TS group but similar to those of the
control group in our study (Kim and Ahn 2010). In the previous study on SAA
between achievers and underachievers groups using SAAS-R in American high
school students, achievers group showed significantly higher scores in attitudes
toward teachers, motivation/self-regulation, and goal valuation compared to under-
achievers groups (McCoach and Siegle 2003a). These previous results were same as
our result that the TS group obtained significantly higher scores in factors of SAA
than those of the control group.

When adolescents have been psychologically stable, they were reported to have
high academic achievement. In the results of these previous studies using SAAS-R
(Castejon et al. 2016; Dedrick et al. 2015), students with high academic achieve-
ment were even higher in scores of SAAS-R. In addition, taurine has been reported
neuroprotective effect (Wang et al. 2007). Therefore, the increase of taurine intake
might be considered to give the psychological stability and to bring positive effects
in academic achievement in the high school students.

3.4 Correlation Between Dietary Taurine Intake and SAA
Scores

Table 5 shows the correlation between dietary taurine intake and SAA scores. There
was a significant positive correlation between dietary taurine intake and SAA scores
such as academic self-perception (p < 0.05), attitude toward teachers (p < 0.05),
goal valuation (p < 0.01), and motivation/self-regulation (p < 0.01), and total scores
(p < 0.01). There was a significant correlation between dietary taurine intake and
scores for attitudes towards teachers, and total SAA in male subjects and score for
goal valuation in female subjects of the TS group (p < 0.05).

Table S Correlation coefficient between dietary taurine intake and SAA score

Academic | Attitudes | Attitudes

self- towards towards Goal Motivation/
Variables | perception | teachers school valuation | self-regulation Total score
Male 0.249 0.257* 0.152 0.231 0.213 0.281"
Female 0.076 0.245 0.217 0.326" 0.197 0.272
Total 0.193" 0.242" 0.170 0.250™ 0.202" 0.275™

“p <0.05; "p < 0.01 (by Pearson’s correlation coefficient)
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4 Conclusion

Our study evaluated the effect of supplementation with taurine-rich foods on
SAA in Korean high school students. In the TS group, average intakes of taurine,
Fe, and vitamin B, in male subjects and taurine intake in female subjects over
5 days were significantly higher compared to the control group. The average
scores for total SAA, academic self-perception, attitudes towards teachers, goal
valuation, and motivation/self-regulation of the TS group were significantly
higher compared to the control group. There was a significant correlation between
dietary taurine intake and SAA scores. These results show that dietary taurine
supplementation in school meals for 5 days had a positive effect on SAA in high
school students. Therefore, it may be necessary to supplement school meals with
taurine-rich foods for improvement of SAA in high school students. Further
study should be conducted on the effect of longer supplementation with taurine-
rich foods on SAA.
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Significance of Taurine in the Brain

Simo S. Oja and Pirjo Saransaari

Abstract Two main functions of taurine in the brain are here discussed: the role of
taurine in cell volume regulation and the neuromodulatory actions of taurine liber-
ated by depolarization. Taurine takes part in cell volume regulation with other
small-molecular compounds. Extracellular taurine inhibits neuronal firing through
GABA and glycine receptors. However, the existence of specific taurine receptors is
still not excluded.

Keywords Brain ¢ Development ¢ Neuromodulation ¢ Cell volume regulation
Release

1 Introduction

There is a lot of taurine in the brain. The taurine concentration is particularly high
in the developing rodent brain, higher than those of all other amino acids (Oja and
Saransaari 2007). In some other species, e.g. in the guinea pig, its concentrations are
smaller (Oja et al. 1968). The deficiency of taurine delays in kittens the normal
migration of cells from the cerebellar granule cells and evokes disorganization of
tapetal cell layer in the eye (Imaki et al. 1986). In human newborns, vision develop-
ment is disturbed when they have been fed totally with parenteral nutrition not con-
taining taurine (Ament et al. 1986). The concentration of taurine diminishes during
the maturation of the central nervous system (Oja and Saransaari 2007). Taurine
possesses at least two main functions in the brain. It participates in cell volume
regulation (Pasantes-Morales and Schousboe 1997) and also attenuates electrical
activity and hyperpolarizes neurons by increasing the membrane conductance of
chloride ions (Saransaari and Oja 2008).
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Fig. 1 Release of [*H]taurine from cerebellar astrocytes and granule cells when 50 mM Na* in
medium is replaced by equimolar K* (open bar), 50 mM K* is added to the medium (right-hand
striped bar), in medium in which the ionic product 13 mM CI~ x 50 mM K* is constant (left-hand
striped bar), and when 50 mM Na* is omitted from the medium (cross-striped bar). The cells were
exposed to each condition for 20 min. Mean values with SEMs of four independent experiments.
Significance of differences from the control (100%) P < 0.05, “P < 0.01

2 Cell Volume Regulation

The role of taurine in cell volume regulation in marine animals has long been known.
Later, it was also shown to have an osmoregulatory role in the mammalian brain (Walz
and Allen 1987), and to be released from cultured glial cells and neurons by hypoos-
motic media (Pasantes-Morales and Schousboe 1988; Schousboe and Pasantes-Morales
1989). Indeed, the replacement of 50 mM sodium ions by potassium in the culture
medium evokes taurine release from cerebellar astrocytes. In vivo hypoosmotic media
also evoke taurine release into the extracellular spaces (Solis et al. 1988). However, in
hyperosmotic media the release is blocked, even inhibited, from both astrocytes and
granule cells when 50 mM potassium is added without reduction of sodium (Fig. 1). The
omission of 50 mM sodium from medium without other changes significantly foments
taurine release. The mechanisms of taurine partification in cell volume regulation have
not yet been thoroughly characterized. They are apparently complex (Pasantes-Morales
and Franco 2002). It thus has a role in cell volume regulation, together with other osmo-
regulatory compounds (Kimelberg et al. 1990). However, this is not its only function.

3 Taurine Transport

A depolarization concentration of potassium ions has frequently been shown to
evoke taurine release from different kinds of brain preparations (Saransaari and Oja
2008). The release from brain slices in incubation media of different ionic
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Fig. 2 Release of [*H]taurine from cerebral cortex slices under different experimental conditions:
when 50 mM Na* in medium is replaced by equimolar K* (open bar), 50 mM K* is added to the
medium (right-hand striped bar), 50 mM K* and 50 mM sucrose are added to the medium (left-had
striped bar), 50 mM Na* is omitted from the medium (cross-striped bar), in medium supplemented
by 1.0 mM N-methyl-D-aspartate (gray open bar) or 1.0 mM kainate (gray right-hand striped
bar), and in media in which 50 mM sucrose (gray left-hand striped bar) or 100 mM sucrose are
added (gray cross-striped bar). The slices were superfused with each medium for 20 min. Mean
values with SEMs of 5-12 independent experiments. Significance of differences from the control
(100%) P < 0.05, “P < 0.01

compositions is also fomented under conditions in which there occurs intracellular
shrinking (Oja and Saransaari 1992). The evoked release is similar both when
50 mM sodium ions are replaced by equimolar potassium and when 50 mM potas-
sium ions are simply added to the medium rendering it thus hyperosmotic (Fig. 2).
The addition of 50 mM sucrose even slightly potentiates the evoked release. The
omission of 50 mM sodium ions also increases taurine release in brain slices (Oja
and Saransaari 1992). Hyperosmotic media supplemented by 50 mM or 100 mM
sucrose inhibit the release (Fig. 2). Taurine release evoked by the agonists of iono-
tropic glutamate receptors, N-methyl-D-aspartate and kainate, is comparable to the
release evoked by depolarizing concentration of potassium ions (Fig. 2). The evoked
release of taurine is apparently somewhat complex, since it is affected by both pro-
tein kinase C and adenosine (Saransaari and Oja 2003). The N-methyl-D-aspartate-
induced taurine release seems to be mediated via the nitric oxide cascade (Scheller
et al. 2000). Nitric oxide stimulates the formation of cyclic guanosine monophos-
phate and thus enhances the release of neurotransmitters and taurine (Guevara-
Guzman et al. 1994; Saransaari and Oja 2002).

The analyses of taurine influx have indicated that it comprises three components,
two saturable ones, one high-affinity and the other low-affinity, together with non-
saturable penetration. In brain slices in the presence of depolarizing potassium ion
concentration the saturable components disappear, as well as in hypoosmotic media
(Oja and Saransaari 1996). Since intracellular taurine in brain slices is first released
into the extracellular spaces, the changes in influx must also modify the amount of
taurine finally liberated into the incubation media.
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4 Role of Extracellular Taurine

In the rat brain extracellular spaces the concentration of taurine is normally mark-
edly lower than the intracellular concentration, being 20-25 pM or less (Jacobson
and Hamberger 1985; Molchanova et al. 2004), The intra-extracellular concentra-
tion gradients have been assayed to be more than 2000 for the known neurotransmit-
ters GABA and glutamate and less than 100 for non-neurotransmitter amino acids.
The intra-extracellular concentration gradient about 400 for taurine is maintained
by rather effective transport mechanisms at brain cell membranes (Oja and
Saransaari 2007). It thus has an intermediate position between established neu-
rotransmitters and non-neuroactive compounds (Lerma et al. 1986).

Taurine has been shown to displace GABA binding from the GABA-
benzodiazepine receptor complex (Malminen and Kontro 1987). Taurine and GABA
thus act at Cl~ channels governed by the same receptor (El Idrissi 2006). Due to the
competition of taurine with GABA it inhibits GABA-induced CI~ fluxes into synap-
tic membrane microsacs at low concentrations. However, at higher concentrations,
apparently due to inhibitory properties of its own, taurine enhances the fluxes (Oja
etal. 1990). The increase of chloride ion permeability induces hyperpolarization and
reduces neuronal firing. The interactions of taurine with glycinergic transmitter sys-
tems have also been demonstrated. It displaces glycine from its strychnine-sensitive
binding sites in the mouse brain stem (Kontro and Oja 1987a) and acts at glycine
receptors in Xenopus oocytes injected with mouse brain messenger RNA (Horikoshi
et al. 1988). In some cases taurine acts simultaneously at both GABA, and glycine
receptors. For example, it blocks the ammonia-induced accumulation of cyclic gua-
nosine monophosphate in the rat striatum by interacting with both GABA and gly-
cine receptors (Hilgier et al. 2005). In certain brain preparations both taurine and
glycine activate the C1~ conductance and apparently act at the same recognition site.

Very minor modifications in cloned glycine receptors could convert them to
respond to taurine with a high efficacy (Saransaari and Oja 2008). For instance, the
glycine receptor al subunit of the zebrafish in which there is valine in position 111
instead of isoleucine has exhibited a high sensitivity for taurine (David-Watine et al.
1999). The existence of specific taurine receptors has also been speculated. They
have not been verified, mainly because no strictly specific taurine antagonists are
known. Taurine effects are stronger in the developing than in the adult nervous sys-
tem (Kontro and Oja 1987b). Could the receptors which are affected by taurine in
the developing brain be structurally different from those in the adult brain?

5 Conclusions

The importance of taurine in the brain is apparent. It contributes to the regulation of
the volumes of neurons and astrocytes. It reduces the excitability of neurons and in
this manner counterbalances overactivation of excitatory elements. In the developing
brain taurine is particularly active. It is an essential amino acid during development.
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Neuroprotection by Taurine on HBCD-
Induced Apoptosis in PC12 Cells

Yachen Li, Shuangyue Li, Xizhe Xie, Hang Xiu, Xiaohui Liu, Jing Shao,
and Xiuli Zhang

Abstract Hexabromocyclododecane (HBCD) is a widely used brominated flame
retardant (BFR). Because of their presence in human issues, including brain tissue,
concern has been raised on their possible neurotoxicity. Presently, we explored the
neuroprotection of taurine against HBCD-induced apoptotic damages in PC12 cells.
Cells were pre-treated with taurine before HBCD exposure and the viability was
assayed via the methyl-thiazolyl-tetrazolium (MTT) method. Apoptotic features were
observed with Hoechst 33342 staining. Apoptotic ratio was measured using flow
cytometry with Annexin V-FITC coupled propidium iodide (PI) double staining. The
changes in the levels of Bcl-2 and Bax proteins were quantitated by the western blot.
The activity of caspase-3 was tested and the results revealed that presence of HBCD
decreased cell survival and led to apoptosis in the tested cells. Further, exposure of
HBCD reduced protein expression of Bcl-2, increased expression in Bax protein and
activity of caspase-3. Taurine attenuated HBCD-induced cell viability loss and cell
apoptosis. Moreover, taurine significantly prevented from reducing Bcl-2 protein
expression and elevating Bax protein expression and caspase-3 activity induced by
HBCD. These results demonstrated that taurine can alleviate HBCD-induced apopto-
sis by altering Bcl-2 expression and Bax protein and Caspase-3 activity in PC12.
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1 Introduction

HBCD is used as a flame retardant added to thermal insulation materials, elec-
tronic products, textiles and wall coverings. Because it is not chemically bound
to the polymer product, HBCD can leach into the environment, contaminating
indoor dust and foodstuff (Abdallah et al. 2008; Abdallah Mohamed et al. 2008;
Asante et al. 2013; Barghi et al. 2016). Now, HBCD is widely used as a substi-
tute of polybrominated diphenyl ethers, thus it has been a widespread environ-
mental contaminant (Al-Odaini et al. 2015; Eljarrat et al. 2009) and its
environmental and health problems raises concern (Aylward and Hays 2011;
Covaci et al. 2006).

Toxicological studies have found that exposure to HBCD has toxic effects.
The toxic effects of HBCD mainly involved in endocrine disturbances (Eggesbg
etal. 2011; Kim and Oh 2014; Li et al. 2014; van der Ven et al. 2006), hepatotox-
icity (Cantén et al. 2008; Germer et al. 2006), reproductive developmental toxic-
ity (Ema et al. 2008), immunotoxicity (Almughamsi and Whalen 2016;
Anisuzzaman and Whalen 2016; Hachisuka et al. 2010) and neurotoxicity
(Lilienthal et al. 2009; Saegusa et al. 2012). Apoptosis had been found play a
significant role in HBCD-mediated toxic effects. An et al. (2014) investigated the
toxic effect of HBCD on HepG2 cells and found that HBCD led to elevated cell
apoptosis ratio. Deng et al. (2009) also shown that HBCD could induce signifi-
cant apoptosis in zebrafish embryos. Our previous study also found that HBCD
induced apoptosis in PC12 cells. However, few studies have focused on how to
take precautions against the harm of HBCD.

Taurine is a sulphur-containing non protein amino acid involved in a wide range
of physiological processes (Lambert et al. 2015). Studies have reported that taurine
exerts neuroprotective effects against various disorders and injuries (Akande et al.
2014; Alkholifi and Albers 2015; Kearns and Dawson 2000; Khan et al. 2000; Zhu
et al. 2016). Recent studies showed that taurine involved in apoptosis regulation
(Gao et al. 2011; Taranukhin et al. 2010). Whether taurine has protective effects on
HBCD-induced apoptosis?

In this report, we explored the protective effects of taurine against apoptosis
elicted by HBCD and the potential molecular mechanisms in PC12 cells.
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2 Methods

2.1 Cell Culture

PC12 cells were aquired through the Institute of Biochemistry and Cell Biology,
Chinese Academy of Sciences (Shanghai, China) and grown in DMEM supple-
mented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 pg/mL
streptomycin in a humidified incubator at 37 °C with 5% CO,.

2.2 Cell Viability

PC12 cells were seeded for 24 h in 96-well plate (1 x 10* cells/well), and then
treated with different concentrations of taurine (I mM, 3 mM and 9 mM) for
30 min before treated with 10 pM HBCD for 24 h (Sigma-Aldrich, St. Louis,
MO). The viability was assayed by the MTT method. Briefly, 10 pL MTT
(diluted in PBS at 5 mg MTT/mL) was aliquoted to each sample for 3 h at
37 °C. The media were discarded carefully and insoluble formazan components
were dissolved in 100 pL. DMSO. The absorbance (570 nm) was taken on an
ELISA plate reader. The viability was presented as the percentage relative to the
value in control culture.

2.3 Hoechst 33342 Staining

PC12 cells were cultured for 24 h in 24-well plates, and preexposed to 0, 1, 3
and 9 mM taurine and 10 pM HBCD as described above in Sect. 2.2. After treat-
ment, cells were applied with 10 pg/mL of Hochest 33342 in PBS (Sigma, St.
Louis, MO) and incubated in dark for 20 min followed by two PBS washes. The
nuclear morphology was scrutinized with a converted fluorescent microscope
(Olympus, Japan).

2.4 Apoptosis and Necrosis by Flow Cytometry

PC12 cells were evenly planted in six-well plates (5 x 10° cells/well) and treated
with 0, 1, 3 and 9 mM taurine and 10 pM HBCD as described above in Sect. 2.2.
The apoptotic cells and those undergoing necrosis were checked via staining by
Annexin V coupled with propidium iodide (PI) by the Annexin V-FITC/PI cell
apoptosis detection kit (Beyotime, China). Briefly, the cells were trypsinized and
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then gathered by centrifuging at 1000 rpm of 5 min. Following 2 washes with PBS,
cells were then resuspended in binding buffer and kept in dark for 10 min in the
presence of annexin V-FITC + PI. Fluorescence analysis was performed by the BD
FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA).

2.5 Western Blotting

PC12 cells were grown in six-well plates (5 x 10° cells/well) and exposed to 0, 1, 3
and 9 mM taurine and 10 pM HBCD as described above in Sect. 2.2. After treat-
ment, PC12 cells were harvested and homogenized in the RIPA Tissue Protein
Extraction Reagent of ice-cold (Beyotime, China) adding 1% proteinase inhibitor,
then incubated for 1 h at 4 °C. The homogenate was centrifugated at 4 °C at 12,000 g
for 15 min and then the supernatant was kept under —80 °C. The protein level of in
the supernatant was assayed by the BCA method (Beyotime Institute of
Biotechnology, China). An aliquote of 50 pg protein was resolved on the 10% SDS-
PAGE Gels and transferred onto polyvinylidence fluoride (PVDF) membrane
(Millipore, France) and subsequently immunoblotted with antibodies of rabbit
against rat Bcl-2 and polyclonal Bax antibody (1:500) (Cell Signaling, USA). The
membrane was then immunodetected using the enhanced ECL chemoluminescence
kit (Cell Signaling Technology, USA). The densitometric data of protein bands were
quantified using the UVP BioSpectrum Multispectral Imaging System (Ultra-Violet
Products Ltd. Upland, CA, USA).

2.6 Caspase-3 Activity

The activity of caspase-3 was measured with the commercial Assay Kit (Beyotime,
China). Briefly, PC12 cells were planted at 1 x 10° cells per ml. After treatment as
described above in Sect. 2.2, cells were harvested and lyses, and the lysates were
mixed with both Ac-DEVD-pNA, the caspase-3 substrate, and reaction buffer, fol-
lowed by 2 h incubation at 37 °C. The variations in absorbance (405 nm) was taken
on an ELISA reader. The activities of caspase-3 were presented as a ratio of treat-
ment group and control group.

2.7 Statistic Analysis

All our data were shown as mean + S.D. based on six independent measurements,
with each conducted in 3 replicates. Statistical analysis was performed by the
Student’s t-test and one-way ANOVA. The p value of <0.05 was determined statisti-
cally significant.
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3 Results

3.1 Effect of Taurine on the Viability in PC12 Cells

As displayed in Fig. 1, PC12 were treated with 10 pM HBCD for 24 h, and rate of
cell survival was about 36.84 + 4.91%. Pretreated with 1, 3, 9 mM taurine before
exposure to HBCD, the survival of PC12 cells was significant increased to
46.11 = 3.56%, 57.46 = 3.98% and 72.02 + 4.27% in a dose-dependency,
respectively.

3.2 Effect of Taurine on HBCD-Elicited Apoptosis

The potential of taurine against HBCD-stimulated apoptosis was tested by the
Hoechst staining (33342) together with Annexin-FITC + PI double staining flow
cytometry. According to Fig. 2, 24 h exposure of PC12 cells to 10 pM HBCD
showed a classic characteristic of apoptosis, condensed chromatin and bright blue
nuclei or even fragmented nucle, while the nuclei with signs of apoptosis were not
found in the control. The cells containing condensed nuclei was significantly
decreased in the dose-dependency, when PC12 cells treated with 0, 1, 3, and 9 mM
taurine before HBCD exposure.

PC12 cells stained with FITC-conjugated annexin V + PI were detected with
flow cytometric analysis. The data showed that the most of control cells negatively
stained both annexin V-FITC coupled with PI (Fig. 3). The proportion of cells posi-
tively stained with annexin V significantly increased after 24 h exposure of PC12
cells to HBCD, however, cells engaged in apoptotic process were lowered upon
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Fig. 2 Effects of taurine on nuclei morphological change of PC12 cells exposed to HBCD. The
PC12 were treated with taurine for 30 min at 0, 1, 3, and 9 mM before exposure to 10 pM HBCD
for 24 h. Cellular nuclei morphology was observed under fluorescence microscope after Hoechst
33342 staining (400x)

preexposure to taurine. These results present evidence that taurine can prevent PC12
cells from HBCD-induced apoptosis.

3.3 Effect of Taurine on the Proteins of Bcl-2 and Bax

The protective effect of taurine on the proteins of Bcl-2 and Bax were examined by
western blotting in PC12 cells. Fig. 4a revealed that compare with the control group
the protein expression in Bcl-2 was considerably reduced and the level of Bax pro-
tein was remarkably increased (Fig. 4b) in 10 pM HBCD exposure group. PC12
cells pretreated with 1, 3, and 9 mM taurine, however, a significant reduction in the
protein level of Bcl-2 (Fig. 4a) and an elevation in the protein expression of Bax
(Fig. 4b) were prevented in does-dependent manner. These data strongly suggest
that taurine can regulate HBCD-induced apoptosis by affecting the apoptotic com-
ponents of the Bcl-2 family of proteins.

3.4 Effect of Taurine on Caspase-3 Activity

Since caspase-3 is the ultimate executor of apoptosis, we explored the effects of
pretreatment with taurine on caspase-3 activity in HBCD-treated PC12 cells. Fig. 5
showed that the elevation in caspase-3 activity was observed in PC12 cells when
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Fig. 3 Evaluation on protection of taurine against HBCD-mediated apoptosis in PC12 exposed to
HBCD. Cells were pre-exposed to taurine for 30 min at 0, 1, 3, and 9 mM before exposure to
10 uM HBCD for 24 h, the percentage of apoptotic population vs. cells undergoing necrosis was
examined with flow cytometry by annexin V + PI double staining. (a) was representative for three
independent experiments. Column graphs showed the rate of apoptotic cells (b). Data were pre-
sented as mean = S.D. calculated from three separately conducted assays, p < 0.05 (over the
control) and “p < 0.05 (over the HBCD exposure alone)
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exposed to HBCD, in comparison with the untreated control, while cells pretreated
with taurine before HBCD exposure inhibited significantly increase in caspase-3
functionality in comparison with the HBCD-treated group.

4 Discussion

In this current research, the protective potential of taurine for PC12 cells from
HBCD-induced apoptosis was investigated. Our experimental data demonstrate that
HBCD can induce apoptosis in PC12 cells, pretreatment with taurine significantly
inhibited HBCD-induced apoptosis in a dose-dependent manner.

There have been two proposed apoptotic pathways: the death receptor-medi-
ated apoptosis (also called extrinsic pathway), and the mitochondria-mediated
apoptosis (also known as intrinsic pathway or mitochondrial pathways) (Boatright
and Salvesen 2003; Hotchkiss et al. 2009). The proteins in Bcl-2 family are the
important regulators of the mitochondria-mediated apoptosis, which are involved
in the positive and/or negative regulations of apoptosis (Gonzalez et al. 2008) by
altering mitochondrial membrane permeability (Chipuk et al. 2006). Among the
family members, Bax and Bid are pro-apoptotic members, which increase mito-
chondrial membrane permeability, leading to the cytochrome c leakage that
mediates the stimulation in caspase cascade and a resultant apoptotic event.
Bcl-2 and Bcl-XL proteins are the components against apoptosis, which func-
tions to block the increase in membrane permiability of mitochondria and inhibit
the apoptotic event evoked by a variety of chemical stimulations (McDonnell
et al. 1996; Miller et al. 1997). Another kind of important cell apoptosis regula-
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tors is a family of highly conserved, cystein-dependent aspartate-directed prote-
ases called caspases.

Among them, Caspase-3 takes an essential function in regulating the process of
apoptosis (Green and Kroemer 2004). As the ultimate executor in apoptotic death it
is activated many protein including bcl-2 family proteins (Brauchi et al. 2006;
Lakhani et al. 2006). Deng et al. (2009) demonstrated that HBCD exposure led to
apoptotic process in embryo cells by supressing Bcl-2 gene expression and uprising
the activity of caspase-3 in zebrafish embryos. Al-Mousa and Michelangeli (2012)
also found that HBCD induced cell apoptotic death via the activation of caspases in
SH-SYSY cells. In accordance with their studies, our results also presented that
HBCD induced PC12 cells apoptotic death was associated with reduced expression
in Bcl-2 protein and lifted expression in Bax protein, and caspase-3 activation.
Moreover, taurine was significantly effective to prevent the reduction in the level of
Bcl-2 protein and the elevation in the level of Bax protein, and to suppress the acti-
vation of caspase-3.

5 Conclusion

In conclusion, the present studies show that HBCDs could significantly induce
apoptosis in PC12 cells, taurine render protection against HBCDs-induced apopto-
sis via suppressing the caspase-3 activation, and preventing Bcl-2 protein decrease
and Bax protein increase induced by HBCD. Taken together with our previous study
results that taurine blocked the ROS generation and MMP collapse induced by
HBCDs, suggest that taurine attenuates HBCDs-induced apoptosis in PC12 cells
through prevent ROS overproduction, drop in MMP and the consequent triggering
of apoptosis genes.
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Taurine Alleviate Hexabromocyclododecane-
Induced Cytotoxicity in PC12 Cells via
Inhibiting Oxidative Stress
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and Xiuli Zhang

Abstract Hexabromocyclododecane (HBCD) is a widely used brominated flame
retardant. Its adverse effects on brain had been observed. Taurine, a sulfur amino
acid, take part in many brain physiological functions and exhibits protective effects
on a variety of detrimental situations. In this paper, we explored the protections of
taurine on cytotoxicity induced by HBCD in PC12 cells. PC12 cells were pretreated
with taurine (1 mM, 3 mM and 9 mM) for 30 min before 10 pM HBCD treatment
for 24 h. Then, the cell survival was assayed by the lactate dehydrogenase (LDH)
release and trypan blue dyeing method. The formation of reactive oxygen species
(ROS) and a collapse of mitochondrial membrane potential (MMP) were evaluated
with a fluorescence microplate reader using the non-fluorescent probe 2'7’-dichlo-
rofluorescin diacetate (DCFH-DA) and the fluorescent cationic dyestuff Rhodamine
123 (Rh 123), respectively. Further, the activity of many antioxidant enzymes,
including superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx) and the content of glutathione (GSH) were tested by kits. Our results dis-
played that taurine significantly decreased the cell death induced by HBCD, pre-
vented ROS production and disruption of mitochondrial membrane potential, and
reversed the decline of SOD, CAT, GPx activity and GSH content induced by
HBCD. These results suggested that taurine could alleviate cytotoxicity induced by
HBCD in PC12 cells through inhibition of oxidative stress.
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Abbreviations

CAT Catalase

DCFH-DA  2'7’- dichlorofluorescin diacetate
GPx Glutathione peroxidase

GSH Glutathione

HBCD Hexabromocyclododecane

LDH Lactate dehydrogenase

MMP Mitochondrial membrane potential
Rh 123 Rhodamine 123

ROS Reactive oxygen species

SOD Superoxide dismutase

1 Introduction

Hexabromocyclododecane (HBCD: consisting of a-, - and y-HBCD isomers),
widely used in electrical products, building materials and polystyrene foams,
has become a ubiquitous organic contaminant detected in different species (de
Wit 2002). Studied had found that lake sediments, marine mammals, sea bird
eggs and even human adipose tissue, breast milk and blood had HBCD accumu-
lation (Kohler et al. 2008; Law et al. 2006; Sellstrom et al. 2003; Pulkrabova
et al. 2009; Eljarrat et al. 2009; Kakimoto et al. 2008). Due to the increased
bioaccumulation of HBCD, researchers has paid much attention to its effects on
the biotic environment and human health (Birnbaum and Bergman 2010;
Roosens et al. 2010).

Some toxicological studies found that HBCD could lead neuronal cell to death
because of its special neurotoxicity (Al-Mousa and Michelangeli 2012). HBCD had
also been verified to be harmful to brain development, resulting in abnormal behav-
ior and defective learning and memory (Williams and Desesso 2010). Studies by
Eriksson et al. (2006) reported that neonatal exposure to HBCD had a lasting distor-
tion of spontaneous behavior and cognitive function of adult mice. Mariussen and
Fonnum (2003) had also shown that HBCDs prevented dopamine uptake from rat
synaptic vesicles and synaptosomes. Reistad et al. (2006) found that cerebellar
granule cells had died when exposed to HBCD for 24 h. Additionally, studied had
observed that HBCD induced oxidative stress and destroyed antioxidant defense
systems in the cell of fish brain (Zhang et al. 2008a). However, there are still few
studies focusing on the elimination of HBCDs’ harm.
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Taurine (2-aminoethanesulfonic acid) is one of the major amino acids in our
human body. It has spread in brain tissue, muscle, heart and blood plasma
(Lourenco and Camilo 2002). It takes part in many physiological functions
including cell protection, neuronal development, intracellular calcium regula-
tion, lipid metabolism and osmoregulation (Huxtable 1992; Bouckenooghe
et al. 2006). Recently, some studies have proved that taurine has neuroprotective
effects in different damage model (Zhou et al. 2011; Tadros et al. 2005; Das
et al. 2009; Das and Sil 2012). So whether taurine has protective effects on cyto-
toxicity induced by HBCD?

Our previous study found that HBCD can cause cytotoxicity and oxidative stress
in PC12 cells. Our study aimed to investigate the protective effects of taurine on
PC12 cells cytotoxicity induced by HBCD and its possible mechanisms.

2 Methods

2.1 Cell Culture

PC12 cells were aquired through the Institute of Biochemistry and Cell Biology,
Chinese Academy of Sciences (Shanghai, China) and grown in DMEM including
10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 pg/mL streptomycin
in an incubator at 37 °C with 5% CO,.

2.2  Cytotoxicity Assay

PC12 cells were cultivated for 24 h in 96-well plate (1 x 10* cells/well), and then
incubated with different concentrations of taurine (1 mM, 3 mM and 9 mM) for
30 min before 10 pM HBCD exposure for 24 h (Sigma-Aldrich, St. Louis, MO).
Cells death was tested by trypan blue exclusion analysis and LDH release analy-
sis using LDH cytotoxicity detection kit (Beyotime Institute of Biotechnology,
China).

Cell death rate (%) = (LDH release in Experimental group—LDH release in
Control group)/(Maximum LDH release- LDH release in Control group).

2.3 Trypan Blue Dyeing

PC12 cells were treated as described above in Sect. 2.2, cell death and cellular
morphology was scrutinized with a phase-contrast microscope after trypan blue
staining.
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2.4 Measurement of ROS

PC12 cells were seeded for 24 h in 96-well plate (1 x 10* cells/well), and then
treated with different dosages of taurine (1 mM, 3 mM and 9 mM) for 30 min before
10 pM HBCD exposure for 24 h. ROS were measured by ROS assay kit with fluo-
rescent probe 2’,7’-dichlorofluorescin diacetate (DCFH-DA) (Beyotime Institute of
Biotechnology, China). The cellular fluorescence (excitation and emission wave-
length at 485 nm and 538 nm, respectively) was taken on a fluorescence microplate
reader (Genios, TECAN). ROS generation was presented as the percentage relative
to the value in control culture.

2.5 Measurement of MMP

Rhodamine 123 (Rh 123) was employed to estimate MMP as previous describe by
Zamzami et al. (Zamzami et al. 2001). Briefly, PC12 cells were raised for 24 h in
24-well plate (5 x 10* cells/well), and then treated with different dosages of taurine
(1 mM, 3 mM and 9 mM) for 30 min before 10 pM HBCD exposure for 24 h. Then,
cells were washed with PBS 2 times after incubated with 10 mM Rh 123 for 30 min
at 37 °C. A fluorescence microplate reader (Genios, TECAN) was used to evaluate
the cellular Rh 123 fluorescence intensity (excitation wavelength of 485 nm and an
emission wavelength of 530 nm). MMP was presented as the percentage relative to
the value in control culture.

2.6 Measurement of SOD, CAT, GPx Activities and GSH
Content

PC12 cells were grown in six-well plates (5 x 105 cells/well) and exposed to O, 1, 3 and
9 mM taurine and 10 pM HBCD as described above in Sect. 2.2. Then, PC12 cells were
harvested and homogenized. The homogenate was centrifugated at 4 °C at 10,000 g for
10 min and then the supernatant was collected for SOD, CAT, GPx activities and GSH
content test by assay kit. Bovine serum albumin was employed as standard and coo-
masse blue protein-binding method was used for measurement protein content.

2.7 Statistic Analysis

All our data were shown as mean + S.D. based on six independent measurements,
with each conducted in 3 replicates. Statistical analysis was performed by the
Student’s t-test and one-way ANOVA. The p value of <0.05 was determined statisti-
cally significant.
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3 Results

3.1 Effects of Taurine on the Survival of PC12 Cells Exposed
to HBCD

Exposure to 10 pM HBCD for 24 h, the cell death rate was 66.23 + 4.13% comparing
with the control group. Pretreatment with 1, 3 and 9 mM taurine significantly decreased
cell death rate to 52.58 + 3.57%, 38.15 + 3.21%, and 18.46 + 4.29%, respectively
(Fig. 1a). Similar results were observed by trypan blue dyeing method (Fig. 1b).
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Fig. 1 The protective potential of taurine against HBCD on PC12 cell survival. PC12 cells were
exposed to 0, 1, 3, and 9 mM of taurine for 30 min before 24 h treated with10 puM HBCD. Cells
death was determined by LDH released assay (a) and observed with light microscope after trypan
blue dyeing (x64) (b). Data were displayed as mean + S.D. using the results averaged from three
replicate investigations, “p < 0.05 (of the control), “p < 0.05 (of the HBCD exposure alone)
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Morphological observation also demonstrated the protection of taurine against
the effect of HBCD on PC12 cell survival. Visual inspection showed that normal
PC12 cells were round to ovoid and having long neurite. Exposure to 10 pM HBCD,
cell body shrink and lose in neurite. However, pretreatment with taurine dramati-
cally prevented cell morphological deterioration induced by HBCD (Fig. 1b).

3.2 Effects of Taurine on MMP and ROS Generation in PCI12
Cells Exposed to HBCD

Mitochondria play vital in normal cell function as well as the regulation of cell
death. Mitochondrial depolarization that is MMP decrease could elevate mitochon-
drial ROS formation. To explore the impact of taurine on HBCD-induced collapse
in PC12 cells MMP, the fluorescent cationic dyestuff Rh 123 was employed to test
changes in MMP. HBCD- caused a collapse in MMP was inhibited by pretreatment
with taurine (Fig. 2a). In addition, PC12 cells exposure to HBCD markedly raised
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the formation of ROS to 244.21 + 12.36% of control. Taurine was able to inhibite
ROS formation induced by HBCD and the levels of ROS decreased to
231.05 = 10.19%, 186.53 + 17.31% and 144.92 + 14.75% of control at 1, 3, and
9 mM of taurine, respectively (Fig. 2b).

3.3 Effects of Taurine on SOD, CAT, GPx Activities and GSH
Content in PC12 Cells Exposed to HBCD

Antioxidant enzymes SOD, CAT, GPx and low-molecular weight antioxidant GSH
play a significant protection on cell damage induced by oxidative stress in mam-
malian cells. In the present study, the influence of taurine on the activities of SOD,
CAT, GPx and the content of GSH were evaluated in HBCD-induced PC12 cells.
Data shown in Fig. 3 demonstrated that the activities of SOD, CAT and GPx were
12.22 + 0.63 U/mg protein, 21.16 + 1.25 U/mg protein and 60.18 + 2.62 U/mg pro-
tein in the control group, respectively. The average GSH content was
11.32 + 0.68 pmol/mg protein. After HBCD exposure, the cellular antioxidant sys-
tem was disturbed and led to decrease the activities of SOD, CAT, GPx and the
content of GSH to 6.30 = 0.47 U/mg protein, 8.41 + 1.17 U/mg protein,
36.25 + 3.31 U/mg protein and 5.91 + 0.46 pmol/mg protein (Fig.3a—d). Taurine
significantly preserved the activities of SOD, CAT and GPx (Fig. 3a—c), and
impeded the loss of GSH (Fig. 3d) induced by HBCD.

4 Discussion

In HBCD-induced cytotoxicity, oxidative stress has been recognized as a vital
mechanism. Studies found that ROS production was positively in correlation to
the release of LDH in HepG2 cytotoxicity induced by HBCD enantiomers (Zhang
et al. 2008a, b). HBCD had also led to oxidative stress in zebrafish embryos
(Deng et al. 2009). Due to biological function of taurine to regulate oxidative
stress (Gurer et al. 2001; Aruoma et al. 1988), we deduced that taurine might
prevent cells from cytotoxic damage mediated by HBCD via inhibiting oxidative
stress. In our experiment, we first observed that taurine had reduced PC12 cells
damage induced by HBCD by detecting LDH release and trypan blue staining
method. ROS generation was assayed and the result showed that taurine may
attenuate ROS production induced by HBCD. This result is similar to previous
study by Xu et al. (2015).

Mitochondria play an important role on normalizing cell function and regu-
lating cell death and intracellular ROS are primarily produced by mitochondria.
Mitochondrial dysfunction can increase ROS production, reduce ATP produc-
tion, release death regulatory and signaling molecules, leading to cell death
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(Christophe and Nicolas 2006). MMP is one of the important parameters reflect-
ing the function of mitochondria. Our research showed that HBCD caused a
significant reduction of MMP, concomitant with an increase in ROS. Similar
result has been obtained in Jurkat cells of exposure to PBDE-47
(2,2',4,4'-Tetrabromodiphenyl ether), a brominated flame retardant (Yan et al.
2011). On the contrary, taurine could mediate recovery of the MMP of PC12
cells in our study.

Cells have own defense system to protect them from oxidative damage. SOD,
CAT, GPx are antioxidant enzymes and GSH is one kind of antioxidant. They
altogether used to scavenge ROS (Halliwell and Gutteridge 1990; Ibi et al. 1999).
Sochor et al. (2014) investigated the influence of taurine on antioxidans status in
Wistar rat found that SOD, GPx activities and GSH level increased with the
increasing taurine supplementation. In the present study, our results displayed
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Fig. 3 (continued)
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that SOD, CAT, GPx activities decreased greatly, and the GSH content also sig-
nificantly reduced in PC12 cells when exposed to HBCD alone, while pretreat-
ment with taurine can prevent the decrease of these enzymes activities and
reverse effectively GSH reduction in PC12 cells exposed to HBCD in a dose-
dependent manner.

5 Conclusion

In conclusion, our studies in this paper show that taurine can provide protection
against HBCD-induced cytotoxicity and oxidative stress in PC12 cells. The protec-
tion of taurine may be via promoting endogenous antioxidants, prevent drop in
MMP and ROS overproduction.
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Effects of Taurine on Alterations of
Neurobehavior and Neurodevelopment
Key Proteins Expression in Infant Rats
by Exposure to Hexabromocyclododecane

Xiuli Zhang, Xiuhua Wang, Jing Zhang, Xiaohong Pan, Jing Jiang,
and Yachen Li

Abstract Hexabromocyclododecanes (HBCDs) is a widely used flame retardant.
Studies have found that HBCDs has toxic effects on endocrine and neural develop-
ment, leading to adverse effects on behavior, learning and memory. This study
aimed to investigate the protective effects of taurine on cognitive function, neuro-
trophic factors expression of infant rats exposured to HBCDs. Sprague-Dawley rats
of 10-days old were oral gavaged of different doses (0.3, 3 and 30 mg/kg) of HBCDs
and 30 mg/kg HBCDs with 300 mg/kg taurine for 60 consecutive days. Rat cogni-
tive function was detected by the method of Morris water maze test. The protein
expressions of brain derived neurotrophic factor (BDNF), nerve growth factor
(NGF) and fibroblast growth factor (FGF) were assayed by Western-blotting.
Results showed that rats exposed to HBCDs significantly declined rats spatial learn-
ing and memory ability by increasing the latency time of seeking the platform
(P < 0.05), decreasing the numbers that each rat had crossed the non-exits and the
time spent in the target quadrant as compared with those in control rats (P < 0.05).
Taurine treatment significantly reversed the effects of HBCDs. Western-blotting
results showed that expression of BDNF, NGF and FGF proteins in the low dose
group were obviously increased compared with those in control rats (P < 0.01), and
middle-dose and high dose groups significantly decreased. Taurine treatment
increased BDNF and NGF expression as compared with high dose groups while
Taurine seemed to have no effects on FGF. These result suggested that higher doses
of HBCDs early exposure in the developing rats could decrease neurotrophic factors
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including BDNF, NGF, FGF, which have an impact on neural development, damage
on learning and memory.

Keywords HBCD e Taurine * Neurobehavior ¢ Neurotrophic factor

Abbreviations

HBCDs Hexobromocyclododecanes
BDNF  Brain derived neurotrophic factor
NGF Nerve growth factor

FGF Fibroblast growth factor

1 Introduction

Hexobromocyclododecanes (HBCDs), primarily used as additive flame retardants
in materials, are kinds of non-aromatic, brominated cyclic alkanes (Birnbaum and
Staskal 2004). HBCDs can separate and spread to the environment due to their
chemical character not bound to materials (de Wit 2002). HBCDs have been a ubiq-
uitous contaminant in environmental media and biota, (Abdallah Mohamed et al.
2008; Covaci et al. 2006; Hale et al. 2006). HBCDs have high bioaccumulative
character because they are extremely hydrophobic/lipophilic compounds. There are
evidence that HBCDs accumulate/biomagnificate in the food chain. Researchers
have found HBCDs in several species of bird eggs (Polder et al. 2008) and marine
animals (Peck et al. 2008), and adipose tissue (Pulkrabova et al. 2009), even human
blood (Knutsen et al. 2008), even in breast milk (Kakimoto et al. 2008; Thomsen
etal. 2010). These findings have raised concerns potential toxicity effects of HBCDs
particularly developmental effects on infants.

HBCDs have been found to have neurotoxic effects on brain development.
Lilienthal et al. (2009) reported that exposure to HBCDs before mating and continu-
ing mating, gestation, lactation, and after weaning in offspring affected hearing
function and dopamine-dependent behavior in adult male and female offspring in
Wistar rats. Saegusa et al. (2012) also found aberration neuronal migration and
impaired neurogenesis in SD rats exposed to HBCDs during pregnancy. However,
the machenism of behavioral impairment induced by HBCDs is still unknown and
few studies have been done to investigate how to eliminate the impairment.

Previous studies found that neurotrophic factors (NTFs) including nerve growth
factor (NGF), brain derived neurotrophic factor (BDNF), fibroblast growth factor
(FGF) exert a vital effect in nervous system development (Henderson 1996). They
regulate synaptic structure, function, plasticity and learning and memory processes
(Leal et al. 2014). Thus down-regulated NTFs expressions imply impairment
neurogenesis and spatial learning and memory in various stress conditions (Kim
etal. 2011; Song et al. 2006).
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Taurine is a semi-essential amino acid involved in a wide range of physiolog-
ical processes. Studies showed that taurine supplementation improve neuronal
proliferation and synaptogenesis, indicating its effects on reinforcing synaptic
plasticity and promoting learning and memory (Shivaraj et al. 2012). Taurine
has also been verified to enhance the spatial cognitive function of rats damaged
by sub-chronic manganese exposure (Lu et al. 2014). However, we still don’t
know the effects of taurine on cognitive impairment induced by HBCDs expo-
sure to infant.

In this research, we focus on the effects of taurine on spatial learning and mem-
ory impairment of rat infant induced by HBCDs exposure and investigated the
molecular mechanism of taurine by evaluating NGF, BDNF, FGF protein
expressions.

2 Methods

2.1 Reagents and Drugs

HBCDs (Sigma, USA) were dissolved in peanut oil; Taurine was supplied by
YUFENG Fine Chemical Company (Qingdao, China) and dissolved in 0.9% saline;
Primary antibody of BDNF, FGF and NGF were purchased from cell Signaling
(USA); HRP-conjugated secondary antibodies were purchased from Bioworld
Technology (Nanjing, China).

2.2 Animals and Drug Administration

Sprague-Dawley (SD) rats (weighing 250-300 g) were purchased from the Center
for Animal Testing of Shandong Lukang Drugs Group (Jining, Shandong, China).
All these rats were kept at the room temperature (RT; 24 = 1 °C) with relative
humidity (60 + 10%). The room was 12 light and 12 h dark cycle. When infants
were born 10 days, we divided them into five groups: Normal control group (n =9),
HBCDs 0.3 mg/kg group (n =9), HBCDs 3 mg/kg group (n =9), HBCDs 30 mg/kg
group (n =9), Taurine group (n = 9). Except normal control group, HBCDs groups
rats and taurine group rats were separately oral gavaged with HBCDs once at the
dose of 0.3, 3, 30 mg/kg body weight for 60 days while control group rats were
orally administrated with physiological saline at the same volume. At same time,
taurine group mice were oral treated with taurine at the dose of 300 mg/kg once
daily for 60 days. Control group and HBCDs group mice were treated with physi-
ological saline. All studies were exerted according to the National Institutes of
Health guidelines and were permitted by the associated Animal Care and Use
Committee of Binzhou medical university. We tried to use the less number of rats
according to statistical design.
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2.3  Water Maze Test

The water maze was designed as a black circular tank whose diameter was
120 cm and depth was 50 cm. We virtually divided the tank into four quadrants
and put a platform in one quadrant about 1.5 cm underwater. Each rat was
faced to the tank wall and put into the pool from the rim of one quadrant. The
rat was permitted to swim 60 s to find the platform. If the rat had not found the
platform in 60 s, it will be recorded the latency as 60 s and put onto the platform
for 30 s. Each rat had four trials daily for 5 days. The latency, time rat used to
find the platform was recorded to evaluate the spatial learning performances
of mice.

A probe test was performed at 6th day to evaluate memory consolidation by tak-
ing off the platform. The rat was put into tank and let it swim for 60 s. The numbers
that each rat had crossed the non-exits and the time spent in the target quadrant
where the platform had placed were both recorded to evaluate the spatial memory
of rats.

2.4 Brain Samples Preparation

When finished water maze test, all rats were sacrificed by decapitation after one
night fasted. Brains were taken carefully and quickly washed by 0.9% cold saline.
The hippocampus was immediately separated from brain on a cold plate and stored
at —80 °C for western blot detection.

2.5 Western Blot Assay

Hippocampus was put into lysis buffer and homogenized. The homogenate was
sonicated for 10 s three times during 30 min incubation on ice. Then all the
samples were centrifuged at 4 °C with 13,000 x g for 15 min. Bradford method
was used to detect supernatant protein concentrations. Fifty micrograms of each
sample was calculated and separated by electrophoresis using a 4—12% sodium
dodecyl sulfate (SDS)-polyacrylamide gel. When finished, the gel was trans-
ferred onto nitrocellulose membranes. The membranes were then blocked with
5% nonfat dry milk in TBST for 1 h. Primary antibody [BDNF, NGF, FGF,
B-Actin antibody; 1:1000 in TBST/5% milk] were added on the washed mem-
branes and incubated overnight. After washing with TBST HRP-conjugated
secondary antibodies (1:2000) were put onto the membranes and incubated at
room temperature for 1 h. The signals were shown by enhanced chemilumines-
cence and quantified by ImagelJ Software. p-Actin was used for inner
reference.
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2.6 Statistical Analysis

We used mean + S.D. to express the data. One-way ANOVA followed by a Student’s
t test was chosen to analyze data. A criterion of P < 0.05 was considered as statisti-
cally significant.

3 Results

3.1 Morris Water Maze Test

Spatial learning and memory ability of rats is often assessed by Morris water maze.
The results showed that HBCDs groups rats had significant decline of cognitive
function. HBCDs groups rats took longer time to find platform during the first
5 days than the control group rats (Fig. 1; P < 0.05), indicating declined learning
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Fig. 1 Effects of taurine on the acquisition of spatial learning ability of rats detected by Morris
water maze. Average latency time (days 3-5) spending to find underwater platform was extended
by HBCDs (P < 0.05 as compared to control group) and taurine decreased the latency time
(P <0.05 as compared to HBCDs 30 mg/kg group)
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Fig. 2 Effects of taurine on the mean time staying in the target quadrant where the platform had
been placed. Taurine obviously lessened high dose of HBCDs induced memory deficits (*P < 0.01
as compared to control group; P < 0.01 as compared to HBCDs 30 mg/kg group)

ability induced by HBCDs. Higher dose of HBCDs showed longer latencies to plat-
form, indicating that HBCDs affected rats learning ability at dose dependence.
Taurine (300 mg/kg day) administration obviously decreased the mean latency
(P <0.05) as compared with 30 mg/kg HBCDs treatment group (P < 0.05).

On the probe trial, HBCDs group rats seldom found the precise position of the
platform, leading to short time in the target quadrant than control group (Fig. 2;
P < 0.05). Taurine treatment increased the mean percent time staying in the target
quadrant (Fig. 2; P <0.05 vs. HBCDs 30 mg/kg group), indicating that taurine could
enhance the damaged memory induced by HBCDs. Furthermore, the number of
non-exits crossing was significantly reduced in HBCDs groups rats (Fig. 3;
P < 0.05). Taurine administration changed the spatial navigation deficits (Fig. 3;
P <0.05 vs. HBCDs 30 mg/kg group). All results showed that taurine had effects on
improving spatial learning and memory ability of rats exposed to HBCDs.

3.2  Effects of Taurine on BDNF Expression in Hippocampus
of Infant Rats Treated with HBCDs

Studies verified that BDNF could not only promote neural stem cells differentiation
into astrocytes and multi-stage nerve cells in order to maintain neuronal survival,
differentiation, growth, development and repair, but also accelerate synaptic
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Fig. 3 Effects of taurine on the mean number of crossing non-exiting platform. The number of
crossing non-exiting platform was significantly decreased in the mice with HBCDs (*P < 0.01 as
compared to control group), taurine treatment reversed HBCDs’ effect (P < 0.05 as compared to
HBCDs 30 mg/kg group)

plasticity, neuronal regeneration after injury and promote regeneration of axons and
dendrites. In Fig. 4, we can see that, compared with normal control group, BDNF
expression in the rat hippocampus of lose dose HBCDs group was markedly
increased (P < 0.01). While BDNF expression in the middle and high doses HBCDs
groups were decreased when compared with the control group (P < 0.01). Taurine
could slightly inhibit high dose HBCDs-induced BDNF expression decrease but it
had not achieved significant difference. The results indicated that lose dose HBCDs
exposure to infant rats for 60 days induced an increase of BDNF to protect neurons
when brain met stress, but high dose of HBCDs made severe damage of hippocam-
pus and induced dramatically decrease of BDNF. Taurine treatment seemed to have
effects on increasing BDNF expression.

3.3 Effects of Taurine on NGF Expression in Hippocampus
of Infant Rats Treated with HBCDs

NGF can participate in the neural development, neuron survival and damage repair
of sympathetic neurons. It also has an important role on cholinergic neurons. As
compared to the control group, middle and high doses of HBCDs obviously
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Fig. 4 Effects of taurine on BDNF expression in hippocampus of infant rats treated with HBCDs.
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Fig. 5 Effects of taurine on NGF expression in hippocampus of infant rats treated with HBCDs.
(*P < 0.05, #P < 0.01 as compared to control group; “P < 0.01 as compared to HBCDs 30 mg/kg

group)

decreased NGF expression, while low dose of HBCDs interestingly increased NGF
expression (p < 0.01; Fig. 5). Treatment with taurine could up-regulate the expres-
sion of NFG compared with the high dose HBCDs group (p < 0.01). These illus-
trated that low dose exposure HBCDs make NGF increased in order to protect nerve
cells to face stress, but with the increasing concentration of HBCDs, brain hippo-
campal tissue got serious injury, the content of NGF declined sharply, and taurine
could prevent the decline of NGF.
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Fig. 6 Effects of taurine on FGF expression in hippocampus of infant rats treated with HBCDs.
#P < 0.01 vs. control group; “P < 0.01 vs. HBCDs 30 mg/kg group)

3.4 Effects of Taurine on FGF Expression in Hippocampus
of Infant Rats Treated with HBCDs

FGF could affect neuronal growth, differentiation, development, regeneration, sur-
vival, and obviously has a regulatory role to maintain the neuronal function. As
shown in Fig. 6, lose dose of HBCDs (0.3 mg/kg HBCDs) caused increase of FGF
expression, but middle and high doses of HBCDs (3 and 30 mg/kg HBCDs) induced
decrease of FGF expression when compared with normal control group (P < 0.01).
Administration with taurine seemed not to improve FGF expression compared with
high dose HBCDs group. The results indicated that lose dose HBCDs could induce
an increase of FGF, but high dose of HBCDs induced dramatically decrease of NGF
due to severe damage of hippocampus. Taurine treatment seemed to have no effect
on FGF expression.

4 Discussion

Animal and in vitro studies demonstrated that HBCDs could cause neurodevelop-
mental toxic effects. Eriksson et al. (2006) reported that neonatal mice exposed to
HBCDs may lead to developmental neurotoxic effects, which included aberrations
in spontaneous behavior and cognitive function. Lilienthal et al. (2009) also reported
that exposure to HBCDs before mating and continuing mating, gestation, lactation,
and after weaning in offspring affected hearing function and dopamine-dependent
behavior in adult male and female offspring in Wistar rats. In our experiment, we
detected the protective effects of taurine on learning and memory defect in infant



128 X. Zhang et al.

rats exposed to HBCDs and its possible mechanism. Our experimental results dem-
onstrated that infant rats exposed to HBCDs significantly declined spatial learning
and memory ability. This result is coincidence with Eriksson et al.’s studies (Eriksson
et al. 20006).

Taranukhin et al. (2009) found that taurine could protect immature cerebellar
granullar neurons from the damage of acute alcohol treatment. Akande et al. (2014)
also found that taurine alleviated cognitive impairment of male Wistar rats induced
by chronic co-exposure chlorpyrifos and lead acetate. In this study we found that
infant rats treatment with taurine significantly were reversed HBCDs induced spa-
tial learning and memory ability decline. This result is similar to studies by Akande
et al. (2014).

NTFs including NGF, BDNF and FGF play a crucial role in the nervous system
during development and maturation (Henderson 1996). In the central nervous sys-
tem of mammal, the neurotrophin brain-derived neurotrophic factor (BDNF) has
been recognized as the main regulator of activity-dependent plasticity of excitatory
synapses. Particularly, the neurotrophin plays a vital role on the hippocampal long-
term potentiation (LTP) regulation, which is a continuous strength of excitatory syn-
apsis recognized to be the basis of cognitive processes (Leal et al. 2015). Ibhazehiebo
et al. (2011) reported that HBCD at the Low dose significantly inhibited neurite
extension of granule cell aggregate induced by Tyrosine hydroxylase. BDNF pre-
vented the inhibition of granule cell neurite extension mediated by HBCD. In this
study, we found that the expression of BDNF, NGF and FGF proteins in the low dose
group of HBCDs were obviously increased, and middle-dose and high dose groups
of HBCDs significantly decreased. Taurine treatment increased BDNF and NGF
expression in high dose groups while taurine seemed to have no effects on FGF.

5 Conclusion

These result suggested that higher doses of HBCDs early exposure in the develop-
ing rats could decrease neurotrophic factors including BDNF, NGF, FGF, which
have an impact on neural development, damage on learning and memory.
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Taurine Chloramine Suppresses LPS-Induced
Neuroinflammatory Responses through
Nrf2-Mediated Heme Oxygenase-1 Expression
in Mouse BV2 Microglial Cells

Dong-Sung Lee, Ki Han Kwon, and Sun Hee Cheong

Abstract The brain is sensitive to the inflammation and oxidative stress that can
cause the aging or neurodegenerative diseases. We investigated the anti-
neuroinflammatory activities of taurine chloramine (TauCl) on lipopolysaccharide
(LPS)-treated mouse BV2 microglia mediated through heme oxygenase (HO)-1
expression. TauCl inhibited the protein expressions of prostaglandin E2 (PGE,),
cyclooxygenase (COX)-2, nitric oxide (NO), and inducible nitric oxide synthase
(iINOS) in LPS-treated BV2 microglia. TauCl markedly inhibited interleukin-6 (IL-6),
interleukin-14 (IL-1f) and tumor necrosis factor-a (TNF-a) production. These
effects were related to the suppression of the degradation and phosphorylation of
inhibition of nuclear factor kappa B-a (IxB-a), translocation of nuclear factor kappa
B (NF-xB) as well as DNA binding activity. In addition, TauCl induced the HO-1
expression by increasing the nuclear factor E2-related factor 2 (Nrf2) translocation
to the nucleus in mouse BV2 microglia. These findings suggest that TauCl has pro-
tective effects of neurodegenerative disorders caused by neuroinflammation.

Keywords Taurine chloramine ¢ Lipopolysaccharide ¢ Neuroinflammatory « Heme
oxygenase-1 ¢« BV2 microglial cells
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Abbreviations

(IxkB)-a  Inhibitor kappa B-a

COX-2 Cyclooxygenase-2

HO Heme oxygenase

IL-1B Interleukin-1§

IL-6 Interleukin-6

iNOS Inducible nitric oxide synthase
LPS Lipopolysaccharide

NF-xB  Nuclear factor-kappa B

NO Nitric oxide

Nrf2 Nuclear factor-E2-related factor 2
PGE, Prostaglandin E2

TauCl Taurine chloramine

TNF-a  Necrosis factor-o

1 Introduction

Microglial cells function as the immune cells of the central nervous system (CNS),
acting as primary mediators of inflammation. In response to some negative stimulus
such as a free radicals and tissue or organ damages, microglial cells presume a reac-
tive state characterized by the widening and shortening of microglial processes
(Beynon and Walker 2012). Activated microglia can produce glutamate transporters
and antioxidants to promote correct neuronal function. However, activated microg-
lia are also able to generate several neurotoxic compounds including nitric oxide
(NO) and several pro-inflammatory cytokines that are associated with neurological
diseases and CNS disturbances (Lucin and Wyss-Coray 2009; Polazzi and Monti
2010). In CNS inflammation, microglial responses and activation can be mediated
from various agents, including lipopolysaccharide (LPS) and several pro-
inflammatory cytokines (Romero et al. 1996; Nakamura et al. 1999).

It has been well known that the nuclear factor-E2-related factor 2 (Nrf2) is one
of a transcription factor. It can regulate the generation of several antioxidant
enzymes. The Nrf2 plays a major role in the phase 2 detoxifying enzymes expres-
sion regulated by the antioxidant response element (ARE) and caused to various
inducible genes activation by several responses associated with oxidation (Itoh et al.
1997). When the cells exposed to naturally occurring antioxidants containing
Michael-reaction acceptors, it can disrupt the Keapl-Nrf2 complex, followed by
Nrf2 translocate into the nucleus. Then it binds to ARE and stimulates transcription
(Balogun et al. 2003). Heme oxygenase (HO)-1 expression is related to the Nrf2/
ARE pathways and stimulated by several oxidative and inflammatory agents
(Wagener et al. 2003). It has been reported that HO-1 pathway can induced the acti-
vation of some anti-inflammatory mediators such as prostaglandin J, (PGJ,), tumor
growth factor-p (TGF-f), and interleukin-10 (IL-10). It has been revealed that HO-1



Taurine Chloramine Suppresses LPS-Induced Neuroinflammatory Responses 133

is induced by major haloamines, such as taurine chloramine (TauCl) and taurine
bromamine (TauBr), produced by leukocytes at the inflammation sites (Olszanecki
and Marcinkiewicz 2004). TauCl and TauBr also decrease the generation of reactive
oxygen species (ROS), NO, and proinflammatory cytokines as well as suppress the
generation of pro-inflammatory eicosanoids such as prostaglandin E, (PGE,)
derived from cyclooxygenase (COX) in vitro (Park et al. 1997; Kontny et al. 2000).
However, no study has addressed the molecular mechanisms of TauCl in mouse
BV2 microglial cells or whether these mechanisms related to the HO-1 induction.
Therefore, we investigated the protective effects against neuroinflammation of
TauCl in LPS-treated mouse BV2 microglial cells as mediated by Nrf2/ARE-
dependent HO-1 expression.

2 Methods

2.1 Chemical Reagents

Fetal bovine serum (FBS) and Dulbecco’s modified Eagle’s medium (DMEM) were
purchased from Gibco BRL Co. (Grand Island, NY, USA). Tin protoporphyrin IX
(SnPP IX) was purchased from Porphyrin Products (Logan, UT, USA). Trolox,
cobalt protoporphyrin IX (CoPP), TauCl, and all other chemicals were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). Enzyme-linked immunosorbent
assay (ELISA) kits for TNF-a, PGE,, IL-6, and IL-1$ were purchased from R&D
Systems, Inc. (Minneapolis, MN, USA). Primary antibodies, including COX-2,
iNOS, HO-1, p65, p50, p-IxkBa, IxkBa, and Nrf2, and secondary antibodies were
obtained from Santa Cruz Biotechnology (Heidelberg, Germany).

2.2 Cell Culture

BV2 microglial cells were obtained from Professor Hyun Park at Wonkwang
University (Iksan, Korea). The cells (5 x 10° cells/mL) were maintained in DMEM
medium containing streptomycin (100 mg/mL), penicillin G (100 U/mL),
L-glutamine (2 mM), and 10% heat-inactivated FBS. The cells were then incubated
at 37 °C in a humidified atmosphere (95% air and 5% CO,).

2.3 Nitrite Assay

To determine the NO levels, the concentration of nitrite was assessed by the Griess
reaction. The supernatant (100 pL) was mixed with Griess reagent (100 pL), and
then determined the absorbance at 525 nm with an ELISA plate reader from BIO-
RAD (Hercules, CA, USA).
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2.4 PGE, TNF-a, and IL-1[( Assays

BV2 microglial cells were maintained in 24-well plates, and incubated for 12 h with
TauCl, and stimulated with LPS for 18 h. After collection of the medium, the
TNF-a, IL-1p, and PGE, concentrations were analyzed by commercial ELISA kits
from R&D Systems (Minneapolis, MN, USA).

2.5 Western Blotting

BV2 cells were pelleted at 200 x g for 3 min, followed by washing using phosphate
buffered saline (PBS). Cells were lysed using 20 mM Tris-HCI buffer (pH 7.4) con-
taining protease inhibitors (5 mg/mL pepstatin A, 5 mg/mL aprotinin, 1 mg/mL chy-
mostatin, 0.1 mM phenylmethanesulfonyl fluoride). We determined the protein
concentration using the commercial Lowry protein assay kit (P5626; Sigma). Each
sample with same amount of protein was dissolved using 12% SDS-PAGE and trans-
ferred to a Hybond enhanced chemiluminescence (ECL) nitrocellulose membrane
from Bio-Rad (Hercules, CA, USA). After blocking the membrane by 5% skimmed
milk, it was incubated with anti-COX-2, anti-HO-1, anti-f-actin (1/1000 dilution,
respectively), and anti-iNOS (1/500 dilution) primary antibodies at 4 °C overnight.
The immunoreactive band was observed by a horseradish peroxidase-conjugated
secondary antibody (1/1000 dilution) followed by ECL detection using a device pur-
chased from Amersham Pharmacia Biotech (Piscataway, NJ, USA), and the bands
were quantitated using Image Gauge v3.12 software from Fujifilm (Tokyo, Japan).

2.6 Preparation of Cytosolic and Nuclear Cell Fractions

Cells were homogenized (1:20, w:v) with PER-Mammalian Protein Extraction
Buffer from Pierce Biotechnology (Rockford, IL, USA) including 1 mM phenyl-
methylsulfonyl fluoride and a protease inhibitor cocktail from EMD Biosciences
(San Diego, CA, USA). The cytosolic cell fractions were obtained by centrifuga-
tion at 15,000 x g for 10 min at 4 °C. The cytoplasmic and nuclear extracts were
obtained using NEPER cytoplasmic and nuclear extraction reagents. Cells
(3 x 10° cells in a 60-mm dish) were collected, washed with PBS buffer and then
centrifuged. Cells were lysed at 4 °C by shaking for 15 min with RIPA buffer con-
taining protease inhibitors, 0.5% sodium deoxycholate, 20 mM NaF, 50 mM Tris-
HCI,0.1% SDS, 150 mM NaCl, | mM Na;VOy,, 1% NP-40, 50 mM glycerophosphate
(pH 7.4), 20 mM ethylene glycol tetra-acetic acid (EGTA), and 1 mM dithiothreitol
(DTT). After centrifugation at 14,800 x g for 15 min, the supernatant was obtained
and then stored at —70 °C. Bicinchoninic acid (BCA) protein assay kit was used for
the determination of protein content.
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2.7 NF-xkB DNA Binding Activity

Cells were treated with the TauCl for 12 h and then exposed to the LPS (1 pg/mL)
for 1 h. The DNA-binding activity of NF-kB was determined using the Trans AM
kit from Active Motif (Carlsbad, CA, USA). Binding buffer (Binding Buffer AM3,
herring sperm DNA, and 30 pL; DTT) was added to each well. Then 20 pg of
nuclear extracts (diluted to 20 pL in lysis buffer) were treated with TauCl and
stimulated with LPS for 1 h. After the incubation for 1 h at room temperature, each
well were washed with fresh wash buffer, then added 100 pL of diluted NF-xB
antibody (1/1000 dilution in 1x antibody binding buffer), and the plates were incu-
bated for further 1 h. After washing the wells with wash buffer, 100 pL of diluted
horseradish peroxidase (HRP)-conjugated antibody (1/1000 dilution in 1x antibody
binding buffer) was added to each of the 6 wells. After the incubation for 1 h, each
well was added the developing solution and washed to remove the supernatant.
After incubation for 5 min, the absorbance was read on a spectrophotometer at
450 nm.

2.8 Transfection

Using Lipofectamine 2000™ (Invitrogen, Carlsbad, CA, USA), we transfected the
cells with HO-1 siRNA for 6 h, and then the cells were recovered with fresh media
containing 10% FBS for 24 h.

2.9 RT-PCR Analysis

Total RNA (1 pg) was isolated using TRIzol from Invitrogen (Carlsbad, CA, USA)
and quantified using spectrophotometer at 260 nm, and then transcribed reversely
by the High Capacity RNA-to-cDNA kit (Carlsbad, CA, USA). The cDNA was
amplified by the SYBR Premix Ex Taq kit (TaKaRa Bio Inc. Shiga, Japan) and a
StepOnePlus Real-Time PCR system from Applied Biosystems, respectively. We
performed RT-PCR analysis in 20 pL of a total volume, containing diethyl
pyrocarbonate-treated water, primer (0.8 pM), and SYBR Green PCR Master Mix
(10 pL). The primer sequences designed by PrimerQuest from Integrated DNA
Technologies (Cambridge, MA, USA) were as follows: mHO-1, forward
5'-CTCTTGGCTGGCTTCCTT-3' and reverse 5'-GGCTCCTTCCTCC TTTCC-3',
and mGAPDH, forward 5'-ACTTTGGTATCGTGGAAGGACT-3’ and reverse
5'-GTAGAGGCAGGGATGATGTTCT-3". The mRNA data were analyzed using a
PCR device and the StepOne software from Applied Biosystems (Carlsbad, CA,
USA).
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2.10 Statistic Analysis

Data are expressed as the mean + SD of three independent experiments. Statistical
analysis was conducted by GraphPad Prism software version 3.03 from GraphPad
Software Inc. (San Diego, CA, USA). The differences between means were assessed
by one-way analysis of variance (ANOVA) followed by Newman-Keuls post hoc
test, and statistical significance was defined at P < 0.05.

3 Results

3.1 Effects of TauCl on the Generation of Pro-Inflammatory
Mediators and Cytokines in LPS-Stimulated BV2
Microglia

Our results demonstrated that TauCl inhibited LPS-stimulated proinflammatory
mediators including NO, PGE,, iNOS, and COX-2. In the present study, we also
confirmed that TauCl significantly and dose-dependently reduced the LPS-mediated
IL-1p, IL-6, and TNF-a generation (Fig. 1).
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Fig. 1 Effects of TauCl on iNOS and COX-2 protein expression (a), nitrite (b), PGE2 (c), IL-1p
(d), IL-6 (e), and TNF-o (f) production induced by LPS in BV2 microglial cells. Experiments were
conducted in triplicate and values are expressed as means + SD. “P < 0.05 compared to the group
treated with LPS
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Fig. 2 Effects of TauCl on LPS-induced NF-xB activation (a), IxkB-a phosphorylation, degrada-
tion of IkB-a (b), and NF-«B DNA binding activity (¢) in BV2 microglia. Experiments were
conducted in triplicate and values are expressed as means + SD. ‘P < 0.05 compared with the LPS-
treated group

3.2 Effects of TauCl on the Degradation of IxB-a, Nuclear
Translocation of NF-xB, and NF-xB DNA Binding Activity
in LPS-Stimulated BV2 Microglia

NF-«B is well known as a crucial transcription factor that regulates the production
of proinflammatory mediators. We therefore investigated the effects of TauCl on the
NF-xB signaling pathway. As shown in Fig. 2a, TauCl significantly inhibited the
translocation of p65 and p50, the two subunits of the NF-xB heterodimer, to the
nucleus. In addition, TauCl inhibited the cytoplasmic phosphorylation and degrada-
tion of IkB-a (Fig. 2b). Furthermore, as shown in Fig. 2c, we examined the ability
of NF-«B to bind DNA in the nuclear extracts from BV2 microglia induced with
LPS for 1 h. LPS treatment markedly increased the amount of NF-«B that bound to
DNA; however, TauCl inhibited NF-xB binding to DNA in a dose-dependent
manner.

3.3 Effects of TauCl on the Expressions of HO-1
mRNA and Protein in BV2 Microglia

We next investigated the effects of TauCl on the HO-1 expression in BV2 microglia.
The cells were treated with noncytotoxic concentrations of TauCl (0.1-1 mM) for
12 h. The results indicated that TauCl markedly increased the HO-1 mRNA (Fig. 3a)
and protein expressions (Fig. 3b). The 20 pM of CoPP, a HO-1 inducer, significantly
promoted HO-1 expression in BV2 microglia. However, | mM of TauCl treatment
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Fig. 3 The effects of TauCl on HO-1 mRNA and protein expressions. Cells were incubated for
12 h with the various concentrations of TauCl (a, b) or treated with 1 mM TauCl for 3, 6, 12, 18,
or 24 h (¢, d). The blots are representative of three independent experiments. “P < 0.05 compared
with the control group

significantly increased the expression levels of HO-1 mRNA as well as protein at
3 h and then peaked at around 18 h (Fig. 3c, d). These results indicated that TauCl
has strong neuroprotective effect against cell death stimulated by LPS in BV2
microglia and that is partially attributed to HO-1.

3.4 The effects of TauCl on HO-1 Mediated Proinflammatory
Mediator and Cytokine Production and NF-xB Binding
Activity in LPS-Stimulated BV2 Microglia

To confirm that the observed anti-neuroinflammatory effects were mediated by the
TauCl-induced HO-1 expression, we evaluated the effects of TauCl on proinflam-
matory mediators and cytokine levels using siRNA against HO-1. Our results
showed that the inhibitory effects of TauCl against LPS-induced NO, PGE,, IL-1p,
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Fig. 4 The inhibitory effect of TauCl on LPS-induced proinflammatory mediator productions and
NF-xkB DNA binding activity mediated by HO-1 in BV2 microglia. The levels of NO (a), PGE,
(b), IL-1p (¢), IL-6 (d), TNF-a (e), and the degree of NF-xB binding activity in the nucleus (f)
were determined by commercial ELISA kits. Experiments were conducted in triplicate and values
are expressed as means = SD. P < 0.05

IL-6, and TNF-a generation were partially reversed by HO-1 siRNA (Fig. 4a—e).
Furthermore, we determined whether HO-1 upregulation by TauCl mediated the
inhibition of NF-xB. NF-«xB binding was observed in the nuclear extracts from BV2
microglia. However, HO-1 siRNA markedly suppressed the inhibitory property of
TauCl on NF-xB DNA binding activity (Fig. 4f).

3.5 Effects of TauCl on the Nrf2 Nuclear Translocation
in BV2 Microglia

The activated Nrf2 nuclear translocation regulates HO-1 mRNA and protein expres-
sion. Therefore, we determined whether TauCl treatment induced the Nrf2 nuclear
translocation in BV2 microglia (Fig. 5). According to the results, the Nrf2 levels of
BV2 microglia gradually increased in the nuclear fraction, whereas decreased in
cytoplasmic fraction.
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Fig. 5 The effects of TauCl on the Nrf2 nuclear translocation (a, b) in BV2 microglia. Cells were
treated with 1 mM TauCl for 0.5, 1, or 1.5 h. The blots are representative of three independent
experiments. P < 0.05 compared with the control group

4 Discussion

Brain tissues are sensitive to acute or chronic inflammation and oxidative stress,
which can occur aging and neurodegenerative diseases (Hald and Lotharius 2005).
In this study, we estimated the implication of HO-1 enzymatic expression by the
Nrf2 nuclear translocation in the anti-neuroinflammatory property of TauCl in
mouse BV2 microglial cells. The BV2 immortalized murine microglia cell line is
often used as in vitro model, because BV2 cells maintain most of the functional
characteristics for primary microglia. Especially, the endotoxin LPS is commonly
used to model neuroinflammatory effects as it induces strong microglial activation
through binding to toll-like receptor 4 (TLR4) (Das et al. 2015). Microglia are stim-
ulated by brain injury and release several pro-inflammatory cytokines and inflam-
matory mediators including NO, TNF-a, IL-1p, and prostaglandins, which can
induce or promote the inflammatory responses in the CNS (Chao et al. 1992; Meda
et al. 1995). Thus, these reports demonstrate the suitability of the BV2 cell line to
study anti-neuroinflammatory effects of TauCl against LPS-induced immune
responses and activation in vitro. The transcription factor NF-kB is involved in the
several genes control that encode mediators of acute-phase, immune, and inflamma-
tory responses. Following such a response, the p50 and p65 components of the free
NF-kB dimer translocate to the nucleus and bind to specific DNA sequences of
proinflammatory enzyme genes, including iNOS and COX-2, resulting in their
rapid transcription (O’Neill and Kaltschmidt 1997; Connelly et al. 2001). To deter-
mine the effects of TauCl on the proinflammatory mediator production and the
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iNOS and COX-2 expressions in LPS-treated BV2 microglia, BV2 microglia were
stimulated with LPS with or without non-cytotoxic concentrations of TauCl. The
results indicated that up to 0.5 mM TauCl inhibited the expressions of iNOS and
COX-2, thereby suppressing NO, PGE,, TNF-a, IL-6, as well as IL-1f generation.

In addition, we evaluated the effects of TauCl on the activation and DNA-binding
activity of NF-xB, phosphorylation of IkB-a and the nuclear translocation of the
p65 and p50 NF-xB subunits in BV2 microglia. Our results indicated that the IxkB-a
phosphorylation and degradation, and nuclear translocation of p65 and p50 medi-
ated by LPS were markedly reduced after pre-treatment of BV2 microglia with
0.2-1.0 mM TauCl. In the present study, we also confirmed that TauCl dose-
dependently suppressed the NF-kB DNA-binding activity in BV2 microglia stimu-
lated with LPS. These findings suggest that TauCl exerted its anti-neuroinflammatory
properties by suppressing the proinflammatory enzymes expression like as iNOS
and COX-2, and the secretion of proinflammatory cytokines by inhibiting the
NF-xB activation in LPS-stimulated microglia. Consistent with our results, it has
been reported that TauCl inhibits the DNA-binding activity of NF-kB and PGE,
production by suppressing COX-2 gene transcription under the control of NF-xB
(Liu et al. 1998; Kontny et al. 2003).

Recently, it has been reported that the anti-inflammatory effect of HO-1 is asso-
ciated with the suppression of various pro-inflammatory cytokines in activated
macrophages (Wiesel et al. 2000). HO-1 and its metabolites can also inhibit the
expressions of iNOS and COX-2 enzymes, thereby decreasing iNOS-derived NO
and COX-2-derived PGE, generation (Oh et al. 2006; Suh et al. 2006). Additionally,
it has been known that the nuclear translocation of Nrf2 is a major up-stream event
of HO-1 expression. The expression of inducible proteins, such as quinine reduc-
tase, GSH S-transferase, and HO-1 activates the Nrf2 expression (Jaiswal 2000).
In the present study, we confirmed that the HO-1 expression induced by TauCl in
BV2 microglia and also show that TauCl-mediated HO-1 mRNA as well as protein
expression occurs in a time- and concentration-dependent manner. In addition, we
showed that TauCl increased Nrf2 levels in the nuclei of BV2 microglia. In the
present study, we determined whether TauCl-induced HO-1 expression was associ-
ated with inhibiting the expression of LPS-stimulated pro-inflammatory media-
tors. Our results demonstrate that the inhibitory effect of HO-1 via HO inhibitor
HO-1 siRNA reversed the suppressive effects of TauCl in LPS-stimulated microg-
lia. Because HO-1 siRNA blocks HO-1 activity, these results demonstrated that
TauCl could partially suppress NF-xB-mediated NO, PGE,, IL-1p, IL-6, and
TNF-a generation through regulation of HO-1 expression. Several previous stud-
ies also found that TauCl is able to up-regulate the HO-1 expression and reduce the
generation of IL-6 and IL-8 in several cells (Mizuno et al. 2005; Kirino et al. 2007,
Orozco et al. 2007).

Based on our results, TauCl promoted HO-1 expression via the Nrf2 pathway,
which suppressed NF-kB-mediated NO, PGE,, TNF-a, IL-1f, and IL-6 production
in LPS-stimulated microglia. Therefore, our findings provide evidence of a benefi-
cial role of TauCl in the treatment of neuroinflammatory diseases.
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5 Conclusion

In conclusion, we confirmed that TauCl increased the expressions of HO-1 mRNA
and protein through the Nrf2 pathway. Additionally, TauCl-induced HO-1 expres-
sion suppressed NF-kB-mediated generation of proinflammatory cytokines and
mediators in LPS-stimulated microglia. Thus, TauCl may represent an alternative
natural therapeutic material for the treatment as well as prevention of neuroinflam-
matory diseases.
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Taurine Chloramine Prevents Neuronal HT22
Cell Damage Through Nrf2-Related Heme
Oxygenase-1

Sun Hee Cheong and Dong-Sung Lee

Abstract Oxidative cell damages are able to contribute to neuronal degeneration in
several diseases of the central nervous system (CNS) including stroke as well as
ischemia. Heme oxygenase (HO)-1 plays a major role in the pathogenesis of neuro-
nal disorder. Taurine chloramine (TauCl) has been shown to possess strong neuronal
activities; however, the direct effects of TauCl on neuronal cell death remain to be
determined. Therefore, this study was designed to assess the neuroprotective effect
of TauCl using oxidative stress-stimulated mouse hippocampal HT22 cells. TauCl
showed protective effects against oxidative stress-induced neurotoxicity and inhib-
ited the reactive oxygen species (ROS) production by inducing the heme oxygenase
(HO)-1 expression in HT22 cells. TauCl upregulated HO-1 expression and it also
increased the nuclear factor E2-related factor 2 (Nrf2) translocation to nuclear.
Using an inhibitor of HO-1 activity, we verified that the oxidative stress-related
HT22 cell death was significantly suppressed by TauCl. In addition, we found
reduced TauCl-induced HO-1 expression and cytoprotection following treatment of
the cells with an extracellular signal-regulated kinase (ERK) inhibitor (PD98059) or
a p38 inhibitor (SB203580), but not following treatment with a SP600125 as a c-Jun
NH2-terminal kinase (JNK) inhibitor. These findings suggest that TauCl improves
cellular damage induced by glutamate or H,O, through ERK and p38, Nrf2, and
HO-1 pathways in HT22 cells.
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Abbreviations

CNS  Central nervous system

ERK  Extracellular signal regulated kinase
HO Heme oxygenase

JNK  c-Jun NH2 terminal kinase

Nrf2  Nuclear factor E2-related factor 2
ROS  Reactive oxygen species

SnPP  Tin protoporphyrin

TauCl Taurine chloramine

1 Introduction

The neuronal damages caused by overstimulated excitatory receptors, known as
excitotoxicity, have been involved in many neurological disorders (Lipton and
Rosenberg 1994). Glutamate is the important excitatory neurotransmitter and plays
key roles in brain development and processes related to the movement control,
memory, and learning in the CNS (Gasic and Hollmann 1992). However, the over-
stimulation of glutamate receptors has been involved in the neuronal damage
observed in many neurodegenerative diseases (Difazio et al. 1992; Gasic and
Hollmann 1992; Behrens et al. 2002). The neuronal HT22 cell line originated from
the mouse hippocampus lacks glutamate receptors, therefore it can cause for gluta-
mate mediated cell death (Maher and Davis 1996). Hydrogen peroxide (H,0,) is a
major cause of free radicals and is continually produced from their metabolic activ-
ity within the body. If H,O, is accumulated in the cells, it is converted to molecules
which can cause cell injury irreversibly (Halliwell and Gutteridge 1993). Some
enzymes such as glutathione peroxidases and catalase are able to detoxify the formed
H,0, in the cells. On the other hand, some neuronal cells show lower catalase levels,
therefor, the burden falls on the glutathione pathway (Mavelli et al. 1982).

Taurine is generated from cysteine and is one of the most rich amino acids stored
in all mammalian monocytes and tissues (Learn et al. 1990). Taurine protects acti-
vated neutrophils from inflammatory injury by detoxifying the highly oxidizing
hypochlorous acid (HOCI/OCI") that is generated from H,O, by the myeloperoxi-
dase (MPO) system (Thomas et al. 1986). Taurine removes excessive HOCI/OCI1~
by reacting readily with it to form taurine chloramine (TauCl), which is much more
stable and a weaker oxidant. TauCl also inhibits the macrophage-derived overpro-
duction of O,~ and NO, without causing cytotoxicity to macrophages, by inducing
anti-oxidant enzymes such as peroxiredoxin (Prx)-1, thioredoxin (Trx)-1, and heme
oxygenase-1 (HO-1) via activation of transcription factors including nuclear factor
E2-related factor 2 (Nrf2) (Kim and Kim 2005; Jang et al. 2009).

Nrf2 is one of the basic leucine zipper protein family. Under physiological condi-
tions, Nrf2 binds to the cytoplasmic adaptor protein, Keapl, thereby forming a com-
plex that remains in the cytoplasm. When the cell is stimulated by certain exogenous
substances, Nrf2 is phosphorylated and uncouples from Keapl. The Nrf2 protein
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then translocates from the cytoplasm to the nucleus where it binds to the antioxidant
responsive element sequence in the promoter region of target genes and, induces
their transcription and translation. These gene products include anti-inflammatory
proteins and antioxidant enzymes, which further induce the expression of HO-1,
NQOL, and other enzymes related to antioxidant and detoxification (Hong et al.
2010). These antioxidant and detoxifying factors encompass many important pro-
tective mechanisms against brain injury (Miller et al. 2014; Sandberg et al. 2014).

TauCl exerts a number of biological effects such as inhibition of nitric oxide
generation in lipopolysaccharide-activated macrophages (Barua et al. 2001) and
inhibiting H,O,-induced apoptosis in macrophages (Piao et al. 2011). However,
there have been very limited studies about the molecular targets of TauCl and fun-
damental mechanisms of it’s neuroprotective activities in mouse hippocampal HT22
cells. In the present study, we investigated the protective effects of TauCl on H,O,-
or glutamate-stimulated neurotoxicity in HT22 cells via HO-1 expression mediated
Nrf2 through mitogen-activated protein kinase (MAPK) pathways.

2 Methods

2.1 Chemical Reagents

The cell culture-related reagent including Dulbecco’s modified Eagle’s medium
(DMEM) were purchased from Gibco BRL Co (Carlsbad, CA, USA). As a HO
activity inhibitor, Tin protoporphyrin IX (SnPP IX) or as a HO-1 inducer, cobalt
protoporphyrin (CoPP) were purchased from Porphyrin Products. Antibodies such
as HO-1, Nrf-2, actin were obtained from Santa Cruz Biotechnology (CA, USA).
Taurine, small interfering RNA (siRNA), and all other chemical reagent were pur-
chased from Sigma Chemical Co (MO, USA). Lipofectamine 2000™ was obtained
from Invitrogen Life Technologies (Grand Island, NY, USA).

2.2 HT22 Cells Cultures

HT22 cells were donated from Prof. Youn-Chul Kim Wonkwang University (Iksan,
Korea). The cells (5 x 10%dish) were seeded in 100 mm dishes in DMEM containing
streptomycin (100 pg/mL), 10% heat-inactivated FBS, and penicillin G (100 units/
mL), and then incubated at 37 °C in a humidified atmosphere (5% CO, and 95% air).

2.3 MTT Assay

To determine cell viability by MTT assay, HT22 cells were maintained at
2 x 10* cells/well and then treated with taurine in the absence or presence of gluta-
mate (5 mM) or H,O, (100 pM). After incubation for the indicated times, we
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removed the cell culture medium from each well, and then replaced with 200 pL of
fresh medium in each well. Cells were incubated with 0.5 mg/mL of MTT for 1 h,
and the formed formazan were resolved in DMSO.

2.4 Measurement of ROS Generation

To measure the generation of ROS, HT22 cells were maintained at 2.5 x 10%*/well in
24-well plates and were stimulated with H,O, (100 pM) or glutamate (5 mM). And,
the cells were washed and then stained using 10 pM of 2',7’-dichlorofluorescein
diacetate (DCFDA) in the dark for 30 min. After washing the cells with PBS, the
cells were extracted with 1% Triton X-100 in PBS for 10 min at 37 °C. Fluorescence
was recorded at an emission wavelength of 525 nm and an excitation wavelength of
490 nm by Spectramax Gemini XS from Molecular Devices (CA, USA),
respectively.

2.5 The Extraction of Cytoplasmic and Nuclear Cell

HT?22 cells homogenized in PER-Mammalian Protein Extraction buffer supple-
mented with 1 mM phenylmethylsulfonyl fluoride and protease inhibitor cocktail I
(EMD Biosciences, San Diego, CA, USA). Cytoplasmic and nuclear fractions were
separated by using NE-PER reagents (Pierce Biotechnology), respectively.

2.6 Western Blotting Analysis

Pelleted HT22 cells were obtained by centrifugation. After washing the cells with
PBS, the cells were lysed in Tris-HCI buffer (20 mM, pH 7.4) supplemented with a
protease inhibitor mixture containing 5 mg/mL aprotinin, 1 mg/mL chymostatin,
5 mg/mL pepstatin A, and 0.1 mM phenylmethylsulfonyl fluoride. The equal amount
of each protein was dissolved using SDS-PAGE and then transferred to membrane.
The membrane was blocked using skimmed milk and then incubated with primary
antibodies at 4 °C overnight. The immune-reactive band was obtained by a horse-
radish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology).

2.7 Real-Time PCR Analysis

We isolated total RNA of the cells using TRIzol (Invitrogen, Carlsbad, CA, USA)
and then quantified spectrophotometrically at 260 nm, in accordance with the man-
ufacturer’s recommendations. Total RNA (1 pg) was reverse-transcribed using the
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kit of High Capacity RNA to cDNA from Applied Biosystems (CA, USA). The
obtained cDNA was amplified using the TaKaRa Bio Inc kit of SYBR Premix Ex
Taq and a StepOnePlus Real-Time PCR Applied Biosystems. Reaction mixture
(20 pL) contained diethyl pyrocarbonate (DEPC)-treated water, 0.8 pM of primer,
and 10 pL SYBR Green PCR Master Mix. The sequences of primer were designed
by PrimerQuest from Integrated DNA Technologies.

HO-1 (Forward: 5'-CTCTTGGCTGGCTTCCTT-3', Reverse:
5’-GGCTCCTTCCTCCTTTCC-3")

GAPDH (Forward: 5-ACTTTGG TATCGTGGAAGGACT-3’, Reverse
5’-GTAGAGGCAGGGATGATGTTCT-3")

2.8 Statistical Analysis

All data expressed as means + S.D. of 3 independent experiments. We used one-way
analysis of variance followed by the Newman-Keuls post hoc test. Statistical analy-
sis was conducted by the GraphPad Prism software, version 3.03 from GraphPad
Software (CA, USA).

3 Results

3.1 Effects of TauCl, Glutamate and H,0, on Cell Viability
in HT22 Cells

We determined the potential cytotoxic effects of TauCl (Fig. 1a) and its effect on
the viability of HT22 cells (Fig. 1b). It was revealed no cytotoxic effects at a
concentration of 1 mM of TauCl using the MTT assay. By contrast, treatment
with 2 mM glutamate or 50 pM H,O, significantly reduced cell viability
(Fig. 1c, d).

3.2 Effects of TauCl on Glutamate or H,0,-Induced
Cytotoxicity and ROS Reduction

We examined the protective action by TauCl against glutamate or H,O,-induced
toxicity. The viability of HT22 cells treated with glutamate or H,O, only was lower
than control (untreated) cells; however, pre-treatment with TauCl (0.5 and 1 mM)
increased viability (Fig. 2a, c). We also studied whether TauCl affected oxidative
neurotoxicity and ROS generation induced by glutamate or H,O, in HT22 cells.
Glutamate and H,O, doubled ROS generation, whereas TauCl treatment effectively
suppressed the rises in the production of ROS (Fig. 2b, d). Trolox has been
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Fig. 1 The structure of taurine chloramine (TauCl) (a) and the effects of TauCl, glutamate and
H,0, on cell viability by MTT assay. HT22 cells were incubated for 48 h with various concentra-
tions of TauCl (0.01-1.0 mM) (b), glutamate (0.5-20 mM) (c¢) and H,O, (10-500 uM) (d). Data
are presented as the mean values + S.D. of three independent experiments. ‘P < 0.05 vs. control

well-known as an anti-oxidative agent, therefore, we used Trolox as a positive con-
trol. Trolox showed a strong ROS scavenging activity as well as cytoprotective
effect.

3.3 Effects of TauCl on the mRNA and Protein Expression
of HO-1

To investigate the induction of HO-1 mediated by TauCl, we treated HT22 cells
with TauCl (0.1-1 mM) for 12 h and then examined HO-1 levels. We used the
20 pM of CoPP, as a positive HO-1 inducer. TauCl increased the expression of HO-1
mRNA (Fig. 3a). Additionally, TauCl significantly promoted HO-1 protein expres-
sion (Fig. 3b). We also investigated whether TauCl induces the nuclear translocation
of Nrf2 in HT22 cells. TauCl showed a gradual rises of Nrf2 in nuclear fractions,
with a concomitant decreased in the cytoplasmic fractions (Fig. 3c, d). This result
indicates that the HO-1-induced by TauCl is associated with the nuclear Nrf2 trans-
location in the cells.
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Fig.2 The effects of taurine chloramine (TauCl) on glutamate- or H,O,-induced toxicity (a, ¢) and
the production of ROS (b, d) in HT22 cells. Data are presented as the mean values + S.D. of 3
independent experiments. "P < 0.05 vs. glutamate or H,O,

3.4 Effects of TauCl on HT22 Cell Viability and Generation
of ROS Through HO-1 Action

To confirm that the marked protective action and ROS reducing properties of pre-
incubation with TauCl (Fig. 2) were correlated with TauCl-induced HO-1 expres-
sion (Fig. 3), we indicated whether the HO-1 expression induced by TauCl can be
reversed by SnPP (Fig. 4). SnPP has been well known as an HO-1 inhibitor. HT22
cells pre-treated using TauCl with or without SnPP, and then exposed to glutamate
or H,0, for 12 h. SnPP was shown to significantly inhibit TauCl-mediated cytopro-
tection using the MTT assay (Fig. 4ac, ). The HO-1 expression induced by TauCl
was required for the suppression of glutamate or H,O,-stimulated ROS production
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Fig. 3 Effects of taurine chloramine (TauCl) on HO-1 mRNA (a) and protein (b) expression, as
well as Nrf2 nuclear translocation (¢, d), in HT22 cells. Data are presented as the mean values +
S.D. of 3 independent experiments. ‘P < 0.05 vs. control

(Fig. 3b, d). The HO-1 induction mediated TauCl contributes to the cytoprotective
properties in the HT22 cells.

3.5 Effects of HO-1 Induction by TauCl on the MAPK
Pathway

Next, we evaluated whether the TauCl-induced HO-1 expression occurs through the
MAPK pathway. Pre-treatment with a specific inhibitor of p38 (SB203580) and a
specific inhibitor of ERK (PD98059) significantly attenuated TauCl-induced HO-1
expression in HT22 cells (Fig. 5a). Furthermore, the p38 inhibitor (SB203580) and
ERK inhibitor (PD98059) significantly abolished TauCl-induced cytoprotection
(Fig. 5b, ¢). We indicate in this result that the HO-1 expression induced by TauCl is
correlated with the ERK and p38 MAPK pathway.
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neurotoxicity (a) and ROS production (b) or H,0,-induced neurotoxicity (¢) and ROS production
(d) in HT22 cells. Data are presented as the mean values + S.D. of 3 independent experiments.
P <0.05

4 Discussion

Neurodegenerative diseases are disorders in which the nervous system irreversibly
and progressively degenerates. Since ROS cause oxidative neurotoxicity in several
neurodegenerative diseases, numerous studies have focused on the therapeutic mol-
ecules to prevent or develop the antioxidant candidates (Rahman 2007). Glutamate-
stimulated neurotoxicity in the HT22 mouse hippocampal neuronal cell line has
been commonly used to investigate the neurotoxicity induced by acute or chronic
oxidative stress as an in vitro model (Coyle and Puttfarcken 1993).

Several transcription factors are known to regulate the HO-1 expression through
one or more signaling pathways. Nrf2 is one of the basic transcription factor that
retains in the cytoplasm. When some stimulus are exist, Nrf2 is bound to its Keap-1
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Fig. 5 Effects of TauCl-induced HO-1 expression via the MAPK pathway in HT22 cells (a). HT22 cells
were pre-incubated with or without 10 pM SP600125 (JNK inhibitor), SB203580 (p38 inhibitor) or
PD98059 (ERK inhibitor) for 1 h and then incubated with or without 1 mM TauCl for 12 h. These cells
were then exposed to 5 mM glutamate (b) or 200 uM H,0O, (¢) for 12 h. Data are presented as the mean
values = S.D. of 3 independent experiments ‘P < 0.05. vs. control. “P < 0.05 compared to the TauCl-
treated group. ""P < 0.05 compared to the TauCl and SP600125, SB203580 or PD98059 treated group

protein, and then translocates to the nucleus. Once in the nucleus, it is bound to ARE
sequences site which is the promoter regions of specific target genes (Qiang et al.
2004). In this study, we found that TauCl prevents glutamate- or H,O,-mediated cell
death and ROS production by inducing the HO-1 via the Nrf2 nuclear translocation.
It has been well known that Nrf2 stimulate the expression of several antioxidant
proteins such as HO-1 and glutathione (GSH) (Ishii et al. 2000). HO-1 catalyzes the
rate-limiting step in the degradation of free-heme separated from heme-containing
protein molecules during oxidative stress. Since free-heme catalyzes the hydroxyl
radicals production from H,0, by the Fenton reaction, the rapid elimination of free-
heme via elevated HO-1 activity appears to be essential for the survival of cells
exposed to H,O, in inflammatory tissues (Otterbein et al. 2000; Srisook et al. 2006).
In accordance with our results, several researchers have reported that TauCl
increased the both HO-1 mRNA and protein levels in macrophages, and that TauCl,
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alone or in combination with LPS, increased the enzymatic activity of HO-1 (Jang
et al. 2009; Kang and Kim 2013). It has also been shown that the HO-1 induction by
TauCl was decreased in RAW 264.7 cells that were transfected with Nrf2 siRNA
(Kim et al. 2010). Therefore, the effect of TauCl on the induction of HO-1 expres-
sion and its activity is important for the elimination of toxic hydroxyl radicals and
ROS generation (Kim and Cha 2014).

MAPK signaling pathways that increase the ERK phosphorylation and p38
MAPK play a major role in inducing HO-1 expression (Elbirt et al. 1998). Our
results indicate that TauCl increases cellular resistance against glutamate-stimu-
lated oxidative damages through the ERK and p38 MAPK pathways, which par-
ticipate at an early stage in the induction of HO-1. Similarly, previous studies have
reported that the induction of HO-1 was dependent on JNK and p38 MAPK activa-
tion, and that the induction of HO-1 expression by arsenite depends on the activa-
tion of ERK and p38 MAPK in an in vitro model (Kietzmann et al. 2003; Midwinter
et al. 2004). These results suggest that ERK and p38 MAPK signaling pathways
are somehow involved in the phosphorylation of Nrf2 and may regulate the induc-
tion of HO-1. However, further studies are necessary to investigate the role of
MAPKS in the activation of Nrf2 and the TauCl-derived upregulation of HO-1
expression.

5 Conclusion

In conclusion, we have shown that TauCl protects against glutamate- or H,O,-
induced oxidative HT22 cell death, and that HO-1 expression through Nrf2 appears
to major function in HT22 cells. Our study is the first demonstration that TauCl
exerts the defense mechanism against H,O,- or glutamate-stimulated oxidative neu-
rotoxicity. Therefore, these findings suggest that the HO-1 pathway can be the major
biological target of TauCl to prevent several neurodegenerative disorders.
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Taurine Have Neuroprotective Activity against
Oxidative Damage-Induced HT22 Cell Death
through Heme Oxygenase-1 Pathway

Dong-Sung Lee and Sun Hee Cheong

Abstract Glutamate-induced oxidative neurotoxicity plays a part role in neuronal
degeneration on the disorders of central nervous system (CNS). The expression of
heme oxygenase (HO)-1 mediated by Inducible nuclear factor-E2-related factor 2
(Nrf2) functions as an anti-oxidants that is able to play an important role in the patho-
genesis of several neuronal disorders. In the present study, taurine showed the inhibi-
tory effect against reactive oxygen species (ROS) induction and protective effects
against neurotoxicity induced by glutamate- and H,O, through induction of HO-1
expression in HT22 cells. Moreover, taurine promoted the Nrf2 nuclear translocation
in HT22 cells. We also verified the oxidative stress-mediated cell death of HT22 cells
was significantly repressed by taurine, using tin protoporphyrin (SnPP) as an HO
activity inhibitor. In addition, we found that treatment of the cells with p38 inhibitor
(SB203580) suppressed taurine-induced HO-1 expression and cytoprotection, but
inhibitors of c-Jun NH2 terminal kinase (JNK) (SP600125) or extracellular signal
regulated kinase (ERK) (PD98059) did not. These results suggest that taurine improves
the resistance against oxidative damages induced by glutamate in HT22 cells via the
p38/Nrf2-dependent HO-1 expression. Our results demonstrated the potential appli-
cation of taurine as a therapeutic agent for neurodegenerative diseases.
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Abbreviations

CNS  Central nervous system

ERK  Extracellular signal-regulated kinase
HO-1 Heme oxygenase-1

JNK  c-Jun NH2-terminal kinase

Nrf2  Nuclear factor E2-related factor 2
ROS  Reactive oxygen species

SnPP  Tin protoporphyrin

1 Introduction

Neurodegenerative disorders including Parkinson’s, Huntington’s, and
Alzheimer’s disease, are characterized by the dysfunction of the central nervous
system (CNS) as well as progressive loss of neurons (Nasrallah and Wolk 2014).
Chronic oxidative stress is one of the major causes of various neurodegenerative
diseases, but the exact mechanism remains unknown (Cahill-Smith and Li 2014).
Therefore, anti-oxidative candidates with no toxicity have been explored for the
prevention of several neurodegenerative diseases (Lohle and Reichmann 2010).

Nuclear factor erythroid 2-related factor 2 (Nrf2) is one of the transcription factors
and it is essential for the anti-oxidant responsive element (ARE), which protect the
oxidative stress and detoxify several carcinogens, by regulating the induction of heme
oxygenase-1 (HO-1) or phase II detoxifying enzymes such as glutathione S-transferases
(Pietal. 2010). Nrf2 generally exists in the cytoplasm combined with Kelch-like ECH-
associated protein (Keapl) under normal conditions. When severe oxidative stress
occurs, however, Nrf2 is released from Keap1, then translocated into the nucleus where
it binds to ARE to alleviate several antioxidative genes (Itoh et al. 1999). HO-1 has been
known as HSP32, the HSP family. It has been reported that HO-1 and its enzymatic
by-products such as carbon monoxide, biliverdin, and free iron are able to protect ani-
mal cells against oxidative stress by converting toxic heme compounds (Maines 1988).
In addition, phase 2 antioxidant enzymes such as HO-1, and Nrf2/ARE signaling path-
way have revealed as a therapeutic targets for neuronal protection (Zhang et al. 2013).

Taurine (2-aminoethanesulfonic acid) is well known as the predominant endoge-
nous free amino acid in the CNS and has multiple functions in the body such as
antioxidant and anti-inflammatory properties, CNS development, osmoregulation,
protein stabilization, and calcium homeostasis (Frosini et al. 2003). However, there
have been few studies on the therapeutic targets of taurine and their mechanism about
anti-neurodegenerative properties in mouse hippocampal HT22 cells. Glutamate
induces neuronal cell death through non-receptor-mediated oxidative stress as well as
receptor-initiated excitotoxicity in the CNS. The HT22 cell originated from mouse
hippocampal neuronal cell lacks the glutamate receptors (Chao et al. 2014). Therefore,
it has been often used to study of oxidative stress-mediated neuronal cell death
through high concentrations of glutamate exposure to the neuronal cells (Fukui et al.
2010; Chao et al. 2014). Taurine can inhibit several events that occur downstream of
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glutamate stimulation, containing apoptotic pathways and altered enzymatic activi-
ties, but the fundamental molecular mechanisms of taurine are not fully understood
yet (Ye et al. 2013). The present study aimed to investigate the protective effects of
taurine on glutamate- or H,O,-induced oxidative neurotoxicity in HT22 cells.

2 Methods
2.1 Chemical Reagents

The cell culture-related reagent including Dulbecco’s modified Eagle’s medium
(DMEM) were purchased from Gibco BRL Co (Carlsbad, CA, USA). Lipofectamine
2000™ was obtained from Invitrogen Life Technologies (Grand Island, NY, USA).
Tin protoporphyrin IX (SnPP IX) as a HO activity inhibitor or cobalt protoporphy-
rin (CoPP) as a HO-1 inducer were purchased from Porphyrin Products. Antibodies
such as HO-1, Nrf-2, actin were obtained from Santa Cruz Biotechnology (CA,
USA). Taurine, small interfering RNA (siRNA), and all other chemical reagent
were purchased from Sigma (Sigma Chemical Co., MO, USA).

2.2 HT22 Cells Cultures

HT22 cells were donated from Prof. Youn-Chul Kim at Wonkwang University (Iksan,
Korea). The cells (5 x 10%dish) were seeded in 100 mm dishes in DMEM containing
streptomycin (100 pg/mL), 10% heat-inactivated FBS, and penicillin G (100 units/mL),
and then incubated at 37 °C in a humidified atmosphere (5% CO, and 95% air).

2.3 MTT Assay

To determine cell viability by MTT assay, HT22 cells were maintained at
2 x 10* cells/well and then treated with taurine in the absence or presence of gluta-
mate (5 mM) or H,O, (100 pM). After incubation for the indicated times, we
removed the cell culture medium from each well, and then replaced with 200 pL of
fresh medium in each well. Cells were incubated with 0.5 mg/mL of MTT for 1 h,
and the formed formazan were resolved in DMSO.

2.4 Measurement of ROS Generation

To measure the generation of ROS, HT22 cells were maintained at 2.5 x 10*/well in
24-well plates and were stimulated with H,O, (100 pM) or glutamate (5 mM). After
incubation for 8 h in the absence or presence of taurine or SnPP, the cells were
washed and then stained using 10 pM of 2',7’-dichlorofluorescein diacetate (DCFDA)
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in the dark for 30 min. After washing the cells with PBS, the cells were extracted
with 1% Triton X-100 in PBS for 10 min at 37 °C. Fluorescence was recorded at an
emission wavelength of 525 nm and an excitation wavelength of 490 nm by
Spectramax Gemini XS (Molecular Devices, Sunnyvale, CA, USA), respectively.

2.5 The Extraction of Cytoplasmic and Nuclear Cell

HT?22 cells homogenized (1:20, w:v) in PER-Mammalian Protein Extraction buffer
from Pierce Biotechnology (IL, USA) supplemented with 1 mM phenylmethylsul-
fonyl fluoride and protease inhibitor cocktail I (EMD Biosciences, San Diego, CA,
USA). Cytoplasmic and nuclear fractions were separated by using NE-PER reagents
(Pierce Biotechnology), respectively.

2.6 Western Blotting Analysis

Pelleted HT22 cells were obtained by centrifugation. After washing the cells with
PBS, the cells were lysed in Tris-HCI buffer (20 mM, pH 7.4) supplemented with a
protease inhibitor mixture containing 5 mg/mL aprotinin, 1 mg/mL chymostatin,
5 mg/mL pepstatin A, and 0.1 mM phenylmethylsulfonyl fluoride. The equal amount
of each protein was dissolved using 12% SDS-PAGE and then transferred to a
Hybond-enhanced chemiluminescence nitrocellulose membrane (Bio-Rad). The
membrane was blocked using 5% skimmed milk and then incubated with anti-
HO-1, anti-Nrf2, or anti-actin antibodies (Santa Cruz Biotechnology) at 4 °C over-
night. Theimmune-reactiveband wasobtainedby ahorseradishperoxidase-conjugated
secondary antibody (Santa Cruz Biotechnology).

2.7 Real-Time PCR Analysis

We isolated total RNA of the cells using TRIzol (Invitrogen, Carlsbad, CA, USA)
and then quantified spectrophotometrically at 260 nm, in accordance with the man-
ufacturer’s recommendations. Total RNA (1 pg) was reverse-transcribed using the
kit of High Capacity RNA to cDNA from Applied Biosystems (CA, USA). The
obtained cDNA was amplified using the TaKaRa Bio Inc kit of SYBR Premix Ex
Taq and a StepOnePlus Real-Time PCR Applied Biosystems. Reaction mixture
(20 pL) contained diethyl pyrocarbonate (DEPC)-treated water, 0.8 pM of primer,
and 10 pL SYBR Green PCR Master Mix. The sequences of primer were designed
by PrimerQuest from Integrated DNA Technologies.

HO-1 (Forward: 5'-CTCTTGGCTGGCTTCCTT-3’, Reverse: 5'-GGCTCCTT
CCTCCTTTCC-3')

GAPDH (Forward: 5'-ACTTTGG TATCGTGGAAGGACT-3’, Reverse 5'-GTA
GAGGCAGGGATGATGTTCT-3")



Taurine Have Neuroprotective Activity 163
2.8 Statistical Analysis

All data expressed as means + S.D. of three independent experiments. We used one-
way analysis of variance followed by the Newman-Keuls post hoc test. Statistical
analysis was conducted by the GraphPad Prism software, version 3.03 (GraphPad
Software Inc., San Diego, CA, USA).

3 Results

3.1 Effects of Taurine, Glutamate and H,0, on the Cell
Viability in HT22 Cells

We evaluated the cytotoxic potential of taurine (Fig. 1a) and its effect on the cell
viability (Fig. 1b) in HT22 cells. Taurine at 20 mM revealed no cytotoxicity,
whereas, 2 mM of glutamate and 50 pM of H,O, reduced the viability of these cells
significantly (Fig. lc, d).
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Fig. 1 The structure of taurine (a) and the effects of taurine, glutamate and H,O, on cell viability
by MTT assay. HT22 cells were incubated for 48 h with various concentrations of taurine (0.5-20
mM) (b), glutamate (0.5-20 mM) (¢) and H,O, (10-500 uM) (d). Data expressed as mean + S.D.
values of three independent experiments. P < 0.05 vs. control
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3.2 Effects of Taurine on Glutamate- or H,0,-Induced
Cytotoxicity and ROS Generation

We investigated the neuroprotective effects of taurine on glutamate- or H,O,-
stimulated cytotoxicity in HT22 cells. In this study, we used Trolox (6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid), an anti-oxidant compound, as a
positive control, and showed a strong ROS scavenging activity as well as cytopro-
tective effect at a concentration of 50 pM (Fig. 2). Treatment with glutamate or
H,0, significantly increased cell death compared to untreated cells, whereas taurine
treatment at non-cytotoxic concentrations (10 and 20 mM), significantly and dose-
dependently increased cell viability (Fig. 2a, c). Taurine showed potent protective
effects against glutamate or H,O,-induced cytotoxicity. Glutamate and H,0O, also
showed doubled ROS production, whereas taurine effectively suppressed the rises
in the ROS production (Fig. 2b, d).
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Fig. 2 The effects of taurine on glutamate or H,O,-stimulated neurotoxicity (a, ¢) and inhibition
of ROS production (b, d) in HT22 cells. Data expressed as mean + S.D. values of three indepen-
dent experiments. ‘P < 0.05 vs. glutamate or H,O,
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3.3 Effects of Taurine on HO-1 mRNA Expression
and Nrf2-Mediated HO-1 Expression in HT22 Cells

In the present study, taurine markedly and dose-dependently increased the expres-
sion levels of HO-1 mRNA and protein, with the maximal value at 20 mM
(Fig. 3a, b). CoPP significantly induced the HO-1 expression at 20 pM. These find-
ings indicated that the neuroprotective action of taurine against HT22 cell damage
stimulated by glutamate is attributed to HO-1 expression. We treated the cells with
20 mM taurine, and then determined the Nrf2 protein level. The Nrf2 levels were
time-dependently increased in the nuclear fraction, whereas gradually reduced in
the cytoplasmic fractions of taurine-treated HT22 cells (Fig. 3c, d). This result
indicated that HO-1 expression increased by taurine occurs through Nrf2
pathways.
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Fig. 3 Effects of taurine on HO-1 mRNA (a) and HO-1 protein (b) levels and Nrf2 translocation
(c, d) in HT22 cells. Data expressed as mean + S.D. values of 3 independent experiments. ‘P < 0.05
vs. control
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3.4 Effects of Taurine on HT22 Cell Viability and ROS
Reduction Through HO-1 Expression

In this study, we also investigated whether the expression of HO-1 induced by taurine
is associated with protective action on the cell death and inhibitory properties of ROS
reduction. In the present study, cells were treated with 20 mM taurine for 12 h with
or without in the presence or absence of SnPP, well-known as a competitive inhibitor
of HO. SnPP markedly reduced the cell protective effect and ROS reduction induced
by taurine (Fig. 4). These results demonstrate that taurine-induced the expression of
HO-1 protein is correlated with the inhibitory effect of ROS production in HT22
cells. Additionally, SnPP partially increased the ability of taurine to inhibit the cyto-
toxicity and the production of ROS stimulated by glutamate or H,O, (Fig. 4).
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Fig. 4 Effects of Nrf2-mediated HO-1 expression induced by taurine on glutamate-stimulated neu-
rotoxicity (a) and ROS production (b) or H,O,-stimulated neurotoxicity (¢) and ROS production
(d) in HT22 cells. Data expressed as mean + S.D. values of three independent experiments. ‘P < 0.05
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3.5 Effects of Taurine on HO-1-Related MAPK Pathway

We determined whether taurine-mediated HO-1 expression occurs by the MAPK
pathway. Figure 5a shows that pretreatment with 10 pM SB203580 (a specific inhibi-
tor of p38) markedly reduced the taurine-induced HO-1 expression in HT22 cells.
Furthermore, a p38 inhibitor (SB203580) abolished the cytoprotective effect induced
by taurine, but inhibitors of extracellular signal-regulated kinase (ERK) (PD98059)
or c-Jun NH,-terminal kinase (JNK) (SP600125) did not (Fig. 5b, ¢). Therefore, these
results suggested that taurine improves the resistance against neurotoxicity induced
by glutamate or H,O,, via p38 MAPK-dependent HO-1 expression.
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Fig. 5 Effects of HO-1 expression induced by taurine via the MAPK pathway in HT22 cells (a).
HT22 cells were pre-incubated with or without 10 uM SP600125 (JNK inhibitor), SB203580 (p38
inhibitor) or PD98059 (ERK inhibitor) for 1 h and then incubated with or without 20 mM taurine
for 12 h. These cells were then exposed to 5 mM glutamate (b) or 200 uM H,0, (¢) for 12 h. Data
expressed as mean + S.D. values of three independent experiments. “P < 0.05 vs. control. “p < 0.05
compared with the group treated with taurine. ““P < 0.05 compared with the group treated with
taurine and SP600125, SB203580 or PD98059
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4 Discussion

Oxidative stress is very important characteristic of many neurodegenerative pro-
cesses. Several neurological injuries including stroke, Alzheimer’s disease,
Parkinson’s disease, and Huntington’s disease, have been related to the excitotoxic-
ity and over-activation of glutamatergic transmission (Maragos et al. 1987;
Greenamyre 1993). Glutamate is able to act as an inducer of oxidative stress by
leading to depletion of glutathione, increasing ROS generation, and suppressing the
cystine/glutamate transport system (Choi 1988; Mattson 2000). Several previous
studies have reported that ER stress in neurons is also mediated by glutamate toxic-
ity (Yu et al. 1999; Kitao et al. 2001). On the other hand, it has been reported that
taurine protects the cultured retinal neurons against the neurotoxicity induced by
glutamate receptor agonists and p-amyloid peptide (AP) (Louzada et al. 2004).
Hydrogen peroxide (H,0,) is also a toxic product of aerobic metabolism and is
produced abundantly in inflammatory tissues. A high dose of H,0O, is used as a dis-
infectant, but often leads to host cell damage (Chow et al. 2005).

Taurine (2-aminoethanesulfonic acid) is the predominant free amino acid in ani-
mal tissues including cardiac and skeletal muscles with a concentration of
20-70 mmol/kg (Chapman et al. 1993). Although taurine is not able to synthesize
proteins within the body, it plays several important roles including calcium flux,
membrane stabilization, bile acid conjugation as well as detoxification. Therefore,
taurine deficiency can occur various chronic disease such as neurological and
hepatic disorders, diabetes, obesity, cancer, and cardiovascular diseases (Hansen
2001; Balkan et al. 2002).

In this study, we examined the protective effects of taurine against glutamate- or
H,0,-induced oxidative neurotoxicity in HT22 cells. In HT22 cells, taurine showed
the inhibitory effect against glutamate- or H,O,-stimulated ROS generation by
inducing HO-1 expression. When the cells are exposed to several oxidative stresses,
they are able to induce the genes expression encoding the phase II detoxifying
enzymes, which are involved in the activation of several transcription factor includ-
ing Nrf2 (Copple et al. 2008). In this study, we also showed that taurine caused
nuclear accumulation of Nrf2 in mouse hippocampal HT22 cells. These results sug-
gest that taurine-mediated HO-1 expression induces by the Nrf2 signaling in mouse
hippocampal HT22 cells. The HO-1 induction is an adaptive cellular defense
response to several oxidative stresses that protects cells in pathophysiological con-
ditions (Song et al. 2007). Similar to our results, some previous studies for neurode-
generative disorder have demonstrated the neuro-protective effects of Nrf2
activation-mediated HO-1 expression (Copple et al. 2008), particularly reduction of
oxidative stress (De Vries et al. 2008). Agca et al. (2014) reported that taurine treat-
ment partially overcome the HO-1 expression by activating the Nrf2 expression in
vivo in an animal model.

In contrast, the MAPK pathway acts an important role in the induction of various
pro-inflammatory cytokines and mediators by LPS (Jung et al. 2010; Kim et al.
2013). Taurine inhibited the myocardial pathophysiology induced by arsenic and
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attenuated the NF-kB activation through the p38, INK, IKK, and MAPK signaling
pathways (Ghosh et al. 2009). In the present study, we evaluated whether taurine
induced expression of HO-1 through the MAPK pathway. Our results indicate that
HT22 cells treated with a p38 MAPK inhibitor (SB203580) exhibited significantly
attenuated HO-1 expression and abolished cytoprotection mediated by taurine. In
contrast, inhibitors of extracellular signal-regulated kinase (ERK) (PD98059) or
c-Jun NH2-terminal kinase (JNK) (SP600125) had no such effect. These results indi-
cated that taurine improved the resistance against glutamate- or H,O,-induced oxida-
tive damages through p38 MAPK signaling pathway-Nrf2/ARE-dependent HO-1
expression in mouse hippocampal HT22 cells. Further studies to demonstrate the
action of the MAPK signaling pathways in the induction of HO-1 expression are
underway.

5 Conclusion

The results of the present study suggest that taurine prevents the oxidative damage
induced by glutamate or H,O, and it can also induce HO-1 expression through Nrf2
activation and MAPK pathways, which plays a major role for neuroprotective effect
in HT22 cells. Our study is the first to show that taurine activates HO-1 signaling
induced by Nrf2 and exerts an anti-oxidant effect against H,O,- or glutamate-induced
neurotoxicity. This study suggests that the taurine might be a candidate agent for the
prevention of neurodegenerative disorders through Nrf2/HO-1 signaling.
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Ethanol-Induced Taurine Elevation
in the Rat Dorsal Striatum

Lisa Ulenius, Louise Adermark, Bo Soderpalm, and Mia Ericson

Abstract In the search for the primary mechanism underlying the dopamine elevat-
ing properties of ethanol we have established that raised levels of taurine in the
nucleus accumbens (nAc) is pivotal. In the nAc, the release of taurine appears to be
connected to osmoregulation, and neither taurine nor dopamine is increased if etha-
nol is administered in a hypertonic saline solution. However, even though the nAc is
important for drug-reinforcement, manifestation of addiction has been postulated to
recruit the more dorsal parts of the striatum (DS). How ethanol influences dopamine
and taurine in the DS and their role in addiction is thus far poorly understood. By
means of in vivo microdialysis in freely moving rats we concomitantly monitored
extracellular levels of dopamine and taurine in the DS following administration of
ethanol diluted either in an isotonic or hypertonic saline solution. In a different set
of rats, placed in a voluntary ethanol consumption paradigm (intermittent access to
20% ethanol for 2 months), taurine and dopamine were monitored following an
acute injection of ethanol. We found that neither administration of ethanol diluted in
a hypertonic saline solution, nor 2 months of moderate ethanol consumption, influ-
ence the ethanol-induced increase of taurine in the DS. We propose that there may
be regional differences in the relationship between taurine, dopamine and ethanol in
the nAc and in the DS. It remains to be determined if this subregion-specificity is
important for the transition from recreational drug use to a compulsive habit.
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Abbreviations

DS Dorsal striatum

GABA Gamma-aminobutyric acid

GlyR Glycine receptor

HPLC High-performance liquid chromatography
nAc Nucleus accumbens

nAChR Nicotinic acetylcholine receptor

TauT Taurine transporter

VTA Ventral tegmental area

1 Introduction

When trying to understand the development of addiction, a brain disease known to
cause enormous suffering worldwide, much focus has been put on defining the
mechanisms by which the addictive drug increase dopamine in the mesolimbic
dopamine system. Ethanol, an addictive substance with a rich pharmacology, is
known to modestly increase dopamine output in the nucleus accumbens (nAc),
which in turn may produce positive reinforcement (Di Chiara and Imperato 1988;
Wise and Rompre 1989; Spanagel 2009). The exact mechanism by which this
occurs has not been determined. However, studies from our research group suggest
that ethanol increases dopamine via a neuronal circuitry involving direct or indirect
activation of glycine receptors (GlyR) in the nAc and indirect activation of nicotinic
acetylcholine receptors (nAChR) in the ventral tegmental area (VTA), presumably
through inhibition of GABAergic neurons projecting from the nAc to the VTA
(Blomgvist et al. 1997; Ericson et al. 2003; Soderpalm et al. 2009). One putative
candidate for mediating this effect is the endogenous GlyR agonist taurine (Olive
2002). Taurine (2-aminoethanesulfonic acid) is a semi-essential endogenous amino
acid mainly produced in the liver but also in the brain (Lambert et al. 2015). Taurine-
containing cells are abundant in the nAc (Madsen et al. 1987) and high expression
of the taurine transporter (TauT) is found in GABAergic neurons projection to areas
with dopaminergic cell bodies (Clarke et al. 1983; Liu et al. 1992). We, and others,
have shown that taurine is released in response to ethanol (Dahchour et al. 1996;
Ericson et al. 2011), and that taurine may increase accumbal dopamine levels via
activation of GlyR (Ericson et al. 2006). In fact, research from our laboratory has
shown that an increase in extracellular taurine appears to be required for the ethanol-
induced dopamine release (Ericson et al. 2011). However, the exact mechanism by
which ethanol produce increased levels of taurine is not known. We hypothesize that
the ethanol-induced increase of taurine is related to the osmoregulatory properties
of the amino acid, since administration of ethanol diluted in a hypertonic saline
solution failed to produce an increase of nAc taurine (Quertemont et al. 2003;
Ericson et al. 2011).
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In addition to nAc, dopamine signaling is also important in the dorsal striatum
(DS), akey brain region for habit formation (Packard and Knowlton 2002; Gerdeman
et al. 2003; Yin et al. 2008; Chen et al. 2011). It has been suggested that during the
progress of addiction the behavior turns from reward-driven to habit-driven drug-
seeking behavior and that this is associated with a neuroanatomical progress from
the nAc to the DS (Gerdeman et al. 2003). How ethanol influences dopamine and
taurine in the DS and their role in addiction is however poorly understood.

In the present study we aimed to further explore the importance of taurine for
ethanol-induced dopamine elevation with focus on the DS. By means of in vivo
microdialysis in freely moving rats we concomitantly monitored extracellular levels
of dopamine and taurine in the DS following administration of ethanol diluted either
in an isotonic or hypertonic saline solution. In a different set of rats, with a history
of voluntary ethanol consumption (intermittent access to 20% ethanol for 2 months),
dopamine and taurine were monitored following an acute injection of ethanol.

2 Methods

2.1 Intermittent Ethanol Consumption

Male Wistar rats (Taconic, Ejeby, Denmark) weighing 130-250 g at arrival, had
continuous access to water and was given an additional bottle of 20% alcohol three
24 h sessions per week (Sunday, Tuesday, Thursday) during 2 months (Simms et al.
2008). Water controls were housed in parallel with continuous access to one bottle
of water. The bottles were weighed after every drinking session and body weight
was measured once a week.

2.2 Invivo Microdialysis in Freely Moving Rats

Microdialysis probes where stereotactically implanted in the DS (A/P:+1.2,
M/L:-3.4 mm to bregma, V/D:—5.0 mm relative to dura; Paxinos and Watson
2007) as previously described (Clarke et al. 2014). On the day of microdialysis
experiment, the sealed inlet and outlet of the probe was cut open and connected
to a microperfusion pump via a swivel, allowing the animal to move around
freely. The probe was perfused with Ringer’s solution at a rate of 2 pL/min.
During the first set of microdialysis experiments, rats received acute treatment
with vehicle or ethanol (2.5 g/kg, i.p.) diluted either in an isotonic (NaCl 0.9%)
or hypertonic (NaCl 3.6%) saline solution. In the second experiment, following
2 months of intermittent ethanol consumption, rats received 2.75 g/kg ethanol
i.p. Dialysate samples were collected every 20 min and analyzed for dopamine
and taurine using two separate high-performance liquid chromatography (HPLC)
systems as previously described (Lido et al. 2009).
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2.3 Statistic Analysis

Statistical significance was determined by two-way analysis of variance (ANOVA)
repeated measure (treatment group x time), followed by Tukey’s multiple compari-
sons test. A probability value (p) less than 0.05 was considered statistically signifi-
cant. All values are expressed as mean + SEM.

3 Results

3.1 Ethanol Administrated in a Hypertonic Saline Solution
does not Influence the Ethanol-Induced Release
of Taurine in the Dorsal Striatum

In contrast to previous studies performed in the nAc (Quertemont et al. 2003;
Ericson et al. 2011), ethanol diluted in a hypertonic saline solution (3.6%) did
not prevent the ethanol-induced increase of taurine in the DS. Ethanol diluted
in an isotonic saline solution (0.9%) or in a hypertonic saline solution (3.6%)
significantly elevated the extracellular levels of taurine (Fig. la). Statistical
analysis showed a group effect (F 23 = 4.31, p = 0.0149), a time effect
(Fo.207) = 12,35, p < 0.0001), and an interaction between the groups over time
(F27. 207y = 1.639, p = 0.0297; Fig. 1a). Post hoc analysis demonstrated that
ethanol diluted in an isotonic saline solution (0.9%) increased taurine levels as
compared to saline alone (Fig. la), as well as when diluted in a hypertonic
saline solution (3.6%) (Fig. la). The higher concentration of saline did not
modulate taurine per se.

Taurine Dopamine
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\°° -@~ Ethanol in 0.9% NaCl g -@- Ethanol in 0.9% NaCl
° -0~ Ethanol in 3.6% NaCl ° -0~ Ethanol in 3.6% NaCl
0 T T T T T T T T T T T 0 T T T T T T T T T T T
-20 0 20 40 60 80 10012014016018 -20 0 20 40 60 80 100120140160 18
Time (min) Time (min)

Fig. 1 Extracellular levels of (a) taurine and (b) dopamine in the DS were measured by means of
microdialysis in naive rats after administration of vehicle or ethanol (2.5 g/kg, ip) diluted either in
an isotonic (NaCl 0.9%) or hypertonic (NaCl 3.6%) saline solution (n = 5-8). All data are expressed
as % of baseline levels (mean = SEM), “p < 0.05 NaCl 0.9% to Ethanol in 0.9% NaCl; *p < 0.05
NaCl 3.6% to Ethanol in 3.6% NaCl *p < 0.05 Ethanol in 0.9% to Ethanol in 3.6% NaCl
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Analyzing dopamine in the same dialysate samples revealed a group effect
(F.25y=4.911, p=10.0081), a time effect (F 25 =4.846, p <0.0001) and an interac-
tion between the groups over time (F7 25 = 3.639, p < 0.0001; Fig. 1b). Post hoc
analysis demonstrated that ethanol diluted in an isotonic saline solution (0.9%) did
not affect dopamine levels as compared to saline alone (Fig. 1b). In contrast, ethanol
diluted in a hypertonic saline solution (3.6%) increased dopamine levels as com-
pared to saline alone and compared to ethanol diluted in an isotonic solution (Fig. 1b).

3.2 Two Months of Moderate Ethanol Consumption does not
Influence the Ethanol-Induced Elevation of Taurine
in the Dorsal Striatum

Animals had intermittent access to ethanol 3 times/week over a 2-month period
resulting in a total of 25 sessions. The animals declined in ethanol intake over time
(paired t-test between the average first and last three drinking sessions; p < 0.0001).
The mean overall ethanol consumption, calculated as an average of the last five drink-
ing sessions, was 2.22 + 0.11 g/kg/session (Fig. 2a). In vivo microdialysis performed
in animals with a history of either ethanol or water consumption (control animals)
demonstrated no significant difference with respect to the relative increase in taurine
(Fig. 2b) or dopamine (Fig. 2¢) induced by a systemic administration of ethanol
(2.75 g/kg, i.p.). Statistical analysis of extracellular taurine content after ethanol
found no group effect (F(; 15 = 0.9590, p = 0.3404), but a time effect (F5 o0, = 13.33,
p < 0.0001) and no interaction between the groups over time (Fs o5 = 0.7507,
p=0.8577; Fig. 2b). Statistical analysis of extracellular dopamine after ethanol found
no group effect (F; 17y =0.03, p = 0.86), but a time effect (Fs s5,= 12.74, p < 0.0001)
and no interaction between the groups over time (Fs g5y = 0.43, p = 0.83; Fig. 2c).
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Fig. 2 (a) Intermittent voluntary ethanol consumption during 2 months (n = 19). (b) Extracellular
taurine levels in the DS following an acute injection of ethanol (2.75 g/kg i.p.), in water drinking
rats or rats with a previous history of ethanol consumption. (¢) Extracellular dopamine levels in the
DS following an acute injection of ethanol (2.75 g/kg i.p.), in water drinking rats or rats with a
previous history of ethanol consumption (n = 7-12). All values are expressed as mean + SEM
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4 Discussion

Ethanol has for some time been known to elevate taurine in the nAc (De Witte et al.
1994; Dahchour et al. 1996), a phenomenon that appears crucial for ethanol-induced
extracellular dopamine increase in the same region (Ericson et al. 2011). Since tau-
rine is a key player in the dopamine elevating properties of ethanol in the mesolim-
bic dopamine system, an effect associated with addiction (Volkow et al. 2007),
understanding the underlying mechanism as to why ethanol produces this increase
of taurine is of major importance. As addiction is suggested to include an alteration
of behavior, from reward-driven to habit-driven drug intake, exploring dorsal parts
of the striatum is relevant. Whether taurine also has a major influence on ethanol-
induced increases of dopamine in the dorsal striatum is poorly understood. In line
with the findings of Smith and colleagues (Smith et al. 2004) we here found that
systemically administrated ethanol increases extracellular taurine in the DS. In the
same animals, ethanol was unable to produce increased levels of dopamine.
However, in the second study ethanol-naive control animals responded with a mod-
est elevation of dopamine following an acute injection of ethanol. This conflicting
result can also be found in the literature where there are reports of both a significant
dopamine elevation following ethanol administration (Wozniak et al. 1990; Clarke
et al. 2015; Jamal et al. 2016) as well as a lack thereof (Wang et al. 1997). Whether
the conflicting results are due to sub regional differences within the DS or to other
factors remains to be established.

Neurons and glia cells swell in response to increased external osmolarity
(Allansson et al. 1999). Consequently taurine is released as part of re-equilibrating
the osmotic pressure (Solis et al. 1988; Pasantes-Morales et al. 1993; Moran et al.
1994; Vitarella et al. 1994; Deleuze et al. 1998). Elevated levels of taurine are also
found in ethanol-treated astrocyte cultures (Kimelberg et al. 1993) and when pre-
venting ethanol-induced cell swelling by using the Na*/K*/2Cl~ co-transporter
blocker furosemide there was no ethanol-induced increase of taurine (Adermark
et al. 2011). These findings raise the possibility that taurine is released due to an
altered osmotic environment after ethanol administration. In contrast to the nAc
(Ericson et al. 2011) we were not able to block the ethanol-induced taurine release
in the DS by administrating ethanol in a hypertonic saline solution. This was unex-
pected and may question the hypothesis that ethanol produce increased levels of
taurine due to osmoregulation alone. Additional studies need to explore this in
depth. Furthermore, in the same samples we also found that following administration
of hypertonic ethanol there was an additional increase of dopamine in the DS, an
effect opposite to what was previously observed in the nAc (Ericson et al. 2011). It
is possible that elevated levels of sodium or chloride might affect the balance of stria-
tal microcircuits, thereby facilitating ethanol-induced dopamine release. The dorsal
striatum and nAc were shown to exhibit distinct kinetics of dopamine release and
clearance (Shu et al. 2014). We also found that GlyRs mediate ethanol-induced dopa-
mine signaling in the nAc but not in the DS (Clarke et al. 2015). Taken together this
and previous findings further support the hypothesis that ethanol-induced dopamine
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elevation is differentially regulated in the DS as compared to the nAc, which could
be important when considering mechanisms underlying the addictive phenotype.

The DS is proposed to be recruited during the transition from recreational to
compulsive use of reinforcing drugs like ethanol (Gerdeman et al. 2003), and altered
activity in the DS has been shown in addicted humans (Volkow et al. 2007).
Moderate ethanol consumption over long periods of time is a risk behavior for
development of addiction. It is therefore important to study possible adaptations in
the dopaminergic system during these conditions. In the second experiment, we
wanted to investigate possible adaptations of ethanol-induced elevations of either
taurine or dopamine in the DS following 2 months of voluntary ethanol intake. We
found that moderate ethanol consumption does not influence the ethanol-induced
elevation of taurine or dopamine in the DS as compared to water drinking controls.
This would suggest that the ethanol-induced increase of taurine in the DS is a robust
phenomenon or that the amount of ethanol consumed or duration of time is to little
to cause adaptations.

5 Conclusion

The findings of the present study suggest that there may be regional differences in
the relationship between taurine, dopamine and ethanol in the nAc and in the
DS. Whether the ethanol-induced increase of taurine is due to osmoregulatory prop-
erties of the amino acid in the nAc but not in the DS remains to be established.
Furthermore, ethanol’s ability to increase taurine appears to be rather robust since 2
months of modest ethanol consumption was unable to alter ethanol-induced eleva-
tion of taurine in the DS.
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Taurine Ameliorates Arsenic-Induced
Apoptosis in the Hippocampus of Mice
Through Intrinsic Pathway
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Xiaohui Liu, Yachen Li, and Fengyuan Piao

Abstract Our group previously reported that arsenic (As) exposure induced apop-
tosis in hippocampus neurons. The aim of the present study was to clarify the pro-
tective capacity of taurine (Tau) on As-induced neuronal apoptosis and the related
mechanism in mouse hippocampus. Mice were divided into: control group, Tau
control group, As exposure group and Tau protective group, randomly. The apop-
totic rate of mouse hippocampus was determined by TUNEL staining. The levels of
Bcl-2 and Bax gene and protein were analyzed by real time RT-PCR and WB,
respectively. Furthermore, cytochrome ¢ (Cyt C) release, and the activity of cas-
pase-8 and caspase-3 were also determined. The results showed that Tau treatment
induced the decrease of TUNEL-positive cells, prohibited the disturbance of Bcl-2
and Bax expression, and inhibited Cyt C release and caspase-8 and caspase-3 acti-
vation significantly. The results indicated that Tau supplement markedly ameliorates
As-induced apoptosis by mitochondria-related pathway in mouse hippocampus.
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Abbreviations

As Arsenic
CytC  Cytochrome ¢
Tau Taurine

1 Introduction

Arsenic (As), a naturally toxicant existing in both organic and inorganic forms, is
universal found in food, groundwater, ambient air and dust. As toxin, being inor-
ganic and/or organic compound, is widely spread in water and environment which
was resulted by the increasing pollution. Several researches indicated that inha-
lated- or ingested-exposure of As involved in the more and more chronic diseases
which include diabetes mellitus, cardiovascular disease, peripheral vascular disease
and various cancers, and one of the major targets is nerve system (Ferreccio et al.
2000, Chen and Ahsan 2004, Meliker et al. 2007, Huang et al. 2008, Das et al.
2012a, b). It was illustrated that As exposure induces dysfunctions in nervous sys-
tem or severe signs of neuropathy in animal and human models (Meliker et al. 2007;
Sinczuk-Walczak 2009; Zhang et al. 2013). Impaired learning ability and neural
behaviors were observed in many As-intoxicated rodents at environmental relevant
levels (Sinczuk-Walczak 2009; Zhang et al. 2013).

The hippocampus, one of the most important components of brain, is responsible
for several vital functions, including behaviours, mental and intellectual activities, in
both rodents and human. Moreover, the hippocampus is very susceptible to the tox-
icities of some neurotoxins such as ethanol, lead, MnCl, and CuO (Sharifi et al. 2002;
Oliveira-da-Silva et al. 2009; Sinczuk-Walczak 2009; Wang et al. 2012; Zhang et al.
2013). It was reported that the gene levels of caspase-3 and 9, the effectors of apop-
tosis, were markedly elevated in hippocampus of As-intoxicated rats (Zhang et al.
2013). Our group recently found that As intoxication caused apoptosis in hippocam-
pus neurons by showing the increasing number of Tunel-positivity cells (Wang et al.
2015). These researches indicated abnormal apoptosis induced by As exposure in
hippocampus may involve in the neurotoxicity induced by As exposure.

Apoptosis, the basic process under both physiological and pathological condi-
tion, regulates cell death according to surrounding environmental (Namgung and
Xia 2000). Disruption or over-activation of this process, the programmed cell death,
may lead to the pathogenesis of nervous system. Thus, minimizing neuronal apop-
tosis and promoting injured neuron recovery may be the most effective and direct
therapeutic approach to reduce the neurotoxic effects of As.

Taurine, a natural amino acid, exists in mammalian brain and acts as a functionally
neurotransmitter or neuromodulator. It modifies protein phosphorylation, regulates cal-
cium transport and maintains the structural integrity of membrane in nerve tissue (Zhou
et al. 2011). It has been shown that Tau protected nervous system against injury, acting
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as an antioxidant and apoptosis inhibitor. However, the protective capacity of Tau on
As-induced apoptosis in hippocampus and its related mechanism is unknown.

In the present study, Tunel assay was used to examine the capacity of Tau on
As-induced apoptosis in hippocampus. To clarify the mechanism of anti-apoptotic
potential of Tau, Bax and Bcl-2 expression in hippocampus was examined by real-
time PCR and Western blotting (WB). The release of cytochrome ¢ (Cyt C) was
examined by WB, and the activity of caspase-8 and caspase-3 were analyzed by
commercial kits. The study aimed at illustrating the neuroprotection of Tau on
As-induced apoptosis in mouse hippocampus and exploring its related mechanism.

2 Materials and Methods

2.1 Animal and Treatment

19.2 ~24.7 g male mice were provided by Animal Center, Dalian Medical University.
During experiments, all mice were raised under 20 ~ 24 °C temperature, 55%
humidity, 12 h dark-light cycle environment with an ad libitum diet and water. The
30 mice were divided into control group, As exposure group and Tau protection
group randomly. As exposure group exposed to 4 mg/L As,O; in double-distilled
water orally; tau protection group received 4 mg/L As,O; in double-distilled water
orally and 150 mg/kg Tau once daily by gavage; control group only received double-
distilled water. After 60-day treatment, all model mice were sacrificed and samples
were collected carefully. The animal experiments were carried out according to the
guidelines of the committee of Dalian Medical University.

2.2 Tunel Assay

In Situ Cell Death Detection Kit (Roche, Germany) was used to perform Tunel
assay according to instructions. DAPI staining was performed to counter the number
of cells. To quantify the apoptotic cells, 6 fields were randomly selected per slide
under fluorescence microscope and calculated the apoptosis index (AI). Al score
equals the percentage of number of Tunel-positive cells on total number of cells.

2.3 Real Time RT-PCR

Trizol® reagent (Takara, China) was used to extract RNA sample according to the
instructions. Transcriptor First Strand cDNA Synthesis Kit (Roche,\USA) was used to
perform RT reactions. TP800 System and SYBR Green PCR kit (Takara, Japan) were
used to carry out real time RT-PCR. 95”C 5 min, followed by 95”C for 30 s, 40 cycles,



186 S. Lietal.

then 55”C 30 s, 72"C 30 s were used as reaction conditions. The primers for genes of
interest and fP-actin are as followed: Bcl-2, GACTGAGTACCTGAACCGG CATC,
CTGAGCAGCGTCTTCAGAGACA; Bax, CGAATTGGCGAT GAACTGGA,
CAAACATGTCAGCTGCCACAC; p-actin, GGAGAT TACTGCCCTGGCTCCTA,
GACTCATCGTACTCCTGCTTGCTG.

2.4 Western Blot

Total proteins were extracted from liver tissue with lysis buffer. BCA method was used
to qualify protein concentration. SDS-polyacrylamide gel electrophoresis was carried
out with same gram of loading sample protein, and the protein samples were transferred
to a PVDF membrane. After blocking, the membrane was incubated with Bax, Bcl-2
(1:800), Cyt C (1:1000) and f-actin (1:500) primary antibodies, respectively. The blots
were treated with HRP-conjugated secondary antibodies, and then detected by Bio-Rad
imaging system (Bio-Rad, USA), and then qualified with the Gel-Pro software.

2.5 Caspase-8 and Caspase-3 Activity Detection

Caspase-8 and Caspase-3 Colorimetric Assay Kit (Beyotime, China) was used to
detect caspase activities of liver according to the manufacturer’s manipulations. The
liver lyses were incubated in ice-cold lysis buffer for 20 min, then centrifuged at
10,000 x g 2 min. The related results were showed as a ratio to control.

2.6 Statistical Analysis

Statistical analysis was performed with SPSS 11.0 statistical software. Data were
analyzed using one-way ANOVA and expressed as means + SD in triplicate.

3 Results

3.1 Protective Capacity of Tau on As-Induced Apoptosis
in Mouse Hippocampus

Tunel staining was performed to detect the apoptotic cells in hippocampus. As
shown in Fig. 1, an elevated quantity of TUNEL-positive cells were observed in
As-intoxicated mouse hippocampus, whereas almost no Tunel-positive cells was
observed in both saline and Tau alone-treated mouse hippocampus, indicating As
intoxication induced apoptosis in hippocampus. Interestingly, compared with As



Taurine Ameliorates Arsenic-Induced Apoptosis in the Hippocampus 187

Tunel DAPI Merge

Control

Tau

As+Tau

25 7

20
15
10

b
T
57
O,JYI—I .

Control Tau As  As+urine

Apoptosis index (%)

Fig. 1 Effect of Tau on apoptosis induced by As in mouse hippocampus. The apoptotic rates were
determined by TUNEL staining. Green color indicates apoptosis. Counterstaining with DAPI, blue
color, suggests cell nuclei. TUNEL-positive cell percent was quantified as apoptotic index.
p < 0.05, vs. control group; *p < 0.05, vs. As group
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alone group, Tau treatment markedly reduced the quantity of Tunel-positive cells.
The increased apoptosis induced by As was significantly reversed by Tau treatment,
suggesting Tau attenuates As-induced apoptosis in mouse hippocampus.

3.2 Protective Capacity of Tau on Bax and Bcl-2 Expression
in As-Exposed Hippocampus

Level of Bax and Bcl-2 were examined by both real time RT-PCR (Fig. 2a, b) and
WB (Fig. 2c, d). As Fig. 2a showed that Bax gene expression was markedly increased
in As group than that in control group. However, after treating with Tau, the gene
expression of Bax was markedly decreased. On the other hand, compared with con-
trol group, As intoxication markedly decreased the gene expression of Bcl-2 in hip-
pocampus, which was significantly reversed in protective groups (Fig. 2b). The
similar effects also observed in protein level of Bax and Bcl-2 in Tau protect group
(Fig. 2c, d).
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Fig. 2 Effect of Tau on Bax and Bcl-2 expression in As-exposed hippocampus. Real time RT-PCR
(a, b) and WB (¢, d) were used to examine Bax and Bcl-2 expression. *p < 0.05, vs. control group;
°p < 0.05, vs. As group
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Fig. 3 Effect of Tau on cytochrome c level in mitochondria (a) and cytosol (b) in hippocampus of
As-intoxicated mice. *p < 0.05, vs. control group; *p < 0.05, vs. As group

(Y

o
Nnow b
Q

o - N w
Q= 01N O1Tww
o
Caspase-3 activity
(fold)

Caspase-8 activity
(fold)

0
Control  Tau As  As+Tau Control  Tau As  As+Tau

Fig. 4 Effect of Tau on caspase-8 and caspase-3 activity in As-exposed hippocampus. *p < 0.05,
vs. control group; °p < 0.05, vs. As group

3.3 Protective Capacity of Tau on Cyt C Expression
in Hippocampus of As-Exposed Mice

As Fig. 3a showed the protein level of Cyt C in mitochondria significantly decreased
in As-exposed hippocampus compared to control group. On the other hand, the protein
level of Cyt C in cytosol significantly increased in As-exposed hippocampus (Fig. 3b).
These results indicate As exposure caused mitochondrial Cyt C release. Interestingly,
the release was abolished when As-intoxicated mice were treated with Tau (Fig. 3a, b).

3.4 Protective Capacity of Tau on Activities of Caspase-8
and Caspase-3 in As-Intoxicated Hippocampus

Activities of caspase-8 and caspase-3 in As-intoxicated hippocampus were shown
in Fig. 4. Compared with control group, caspase-8 activity in As-exposed hippo-
campus was markedly higher. Interestingly, Tau reversed the activation of caspase-
8 in As-treated mice compared with As alone group. Consistent with that of
caspase-8, As intoxication also induced the activation of caspase-3, which was
blocked by Tau treatment (Fig. 4b).
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4 Discussion

Increasing evidences showed that taking an apoptosis inhibitor may be a practical
approach for the protection against nervous system disorders. Currently, the anti-
apoptotic potential of Tau has been highlighted in many disorders (Hsu et al. 2008;
Leon et al. 2009; Das et al. 2010; Taranukhin et al. 2010; Gao et al. 2011; Das et al.
2012a, b). Moreover, it was reported that Tau treatment could also prevent from
apoptosis induced by various toxicants in vitro (Leon et al. 2009; Zhou et al. 2011;
Chang et al. 2014). In the present study, the anti-apoptotic capacity of Tau was
assayed in hippocampus of mice received As alone or with Tau by Tunel staining.
As expected, As-induced elevation of Tunel-positivity cells in hippocampus was
markedly blocked by Tau treatment, indicating that Tau has the efficacy to protect
against As-induced apoptosis in hippocampus of mice.

Intrinsic pathway is the major intracellular signaling leading to apoptosis, which
is accompanied by the dysregulation of Bcl-2 family protein and Cyt C release,
where Cyt C eventually activates caspase-3 (Mikhailov et al. 2003; Wang et al.
2013). Bax and Bcl-2 are the representative regulators of Bcl-2 family, which play
a vital role in mediating apoptosis process (Braun 2012). It was reported that As
intoxication increased Bax level and decreased Bcl-2 level in cultured mesenchymal
cells (Zhou et al. 2007). However, there are no reports that the MSCs or Tau
treatment mediates the disturbed expression of Bax and Bcl-2 in As-intoxicated
nerve cells. In the present study, the results suggested that Tau significantly inhib-
ited the disrupted expression of Bax and Bcl-2 in hippocampus. Bax/Bcl-2 ratio was
also assessed in this study, which is markedly decreased in hippocampus once
As-intoxicated mice were treated with Tau. These results indicate a potential link
between mediating the disturbed expression of Bax and Bcl-2 and the anti-apoptotic
capacity of Tau in hippocampus of As-exposed mice.

Several evidences illustrated that the disturbance of Bax and Bcl-2 expression led to
the efflux of mitochondrial Cyt C, which activates the downstream caspase cascade
(Wang et al. 2013). Among the identified caspases, caspase-8 and caspase-3 are the
important enzymes that induce the activation of apoptosis process (Braun 2012; Kadeyala
etal. 2013). It was reported that Tau treatment significantly inhibited endosulfan-induced
the activation of caspase-3 in rat testis (Aly and Khafagy 2014). In the present stud, we
found that Tau significantly suppressed Cyt C release and the activation of caspases in
As-intoxicated mouse hippocampus, indicating the trigger of apoptosis in As-intoxicated
hippocampus was blocked by Tau. These studies and our results indicate that Tau
represses intrinsic apoptosis pathway and the inhibited intrinsic pathway may take part
in the prevention of Tau against As-induced apoptosis in mouse hippocampus.

5 Conclusion

In conclusion, the results indicated that taruine inhibits As-induced apoptosis in hip-
pocampus of mice. Moreover, treatment of Tau significantly inhibited the disturbed
expression of Bax and Bcl-2, the release of Cyt C and the activated caspases in
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As-exposed hippocampus. These results indicate that Tau may protect against apop-
tosis in hippocampus via mediating As-disturbed intrinsic pathway. As for the more
precise mechanism, further studies are required.
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Abstract Taurine, as a free amino acid, is found at high levels in many tissues includ-
ing brain, heart and skeletal muscle and is known to demonstrate neuroprotective
effects in a range of disease conditions including stroke and neurodegenerative disease.
Using in vitro culture systems we have demonstrated that taurine can elicit protection
against endoplasmic reticulum stress (ER stress) from glutamate excitotoxicity or from
excessive reactive oxygen species in PC12 cells or rat neuronal cultures. In our current
investigation we hypothesized that taurine treatment after stroke in the rat middle cere-
bral artery occlusion (MCAO) model would render protection against ER stress pro-
cesses as reflected in decreased levels of expression of ER stress pathway components.
We demonstrated that taurine elicited high level protection and inhibited both ATF-6
and IRE-1 ER stress pathway components. As ischemic stroke has a complex pathol-
ogy it s likely that certain combination treatment approaches targeting multiple disease
mechanisms may have excellent potential for efficacy. We have previously employed
the partial NMDA antagonist DETC-MeSO to render protection against in vivo isch-
emic stroke using a rat cerebral ischemia model. Here we tested administration of
subcutaneous administration of 0.56 mg/kg DETC-MeSO or 40 mg/kg of taurine sepa-
rately or as combined treatment after a 120 min cerebral ischemia in the rat MCAO
model. Neither drug alone demonstrated protection at the low doses employed.
Remarkably however the combination of low dose DETC-MeSO plus low dose taurine
conferred a diminished infarct size and an enhanced Neuroscore (reflecting decreased
neurological deficit). Analysis of ER stress markers pPERK, pelF-2-alpha and cleaved
ATF-6 all showed decreased expression demonstrating that all 3 ER stress pathways
were inhibited concurrent with a synergistic protective effect by the post-stroke admin-
istration of this DETC-MeSO-taurine combination treatment.
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Abbreviations

DETC-MeSO  S-methyl N,N-diethylthiocarbamate sulfoxide
ER stress ER stress
MCAO Middle cerebral artery occlusion

17.1 Introduction

Globally, stroke is reported to be one of the highest causes of death and severe dis-
ability. Ischemic stroke, the most common type of stroke, is responsible for 87%
of the total stroke incidence (Go et al. 2014). To date, despite extensive research
efforts, it has not been possible to develop effective treatments for this major dis-
ease (Go et al. 2014). Cerebral ischemia decreases the oxygen and glucose supply
to neural tissues and elicits excessive release of glutamate pre-synaptically in con-
junction with over activation of the post-synaptic glutamate receptors which in
turn results in cell death through apoptosis and necrosis (Choi and Rothman 1990;
Nicholls and Attwell 1990). The core of the ischemic infarct is subjected to the
most major stresses through oxygen and nutrient deprivation and this region
becomes rapidly necrotic (Kiewert et al. 2010). The ischemic penumbra which sur-
rounds the core is a region with diminished perfusion but it remains metabolically
active. Because apoptosis proceeds over an extensive period of time in the penum-
bra there is potential for preventing cell death in this region and rescuing this tissue
through new therapeutic interventions (Broughton et al. 2009).

Hypoxia/ischemia results in accumulation of unfolded or misfolded proteins in
the endoplasmic reticulum (ER) eliciting the unfolded protein response (UPR)
(DeGracia and Montie 2004). The three major ER pathways that are triggered under
conditions of UPR include the PKR-like endoplasmic reticulum kinase (PERK) sig-
naling pathway, the transcription factor 6 (ATF6) signaling pathway and the inositol
requiring enzyme 1 (IRE1) signaling pathway. When the UPR is overwhelmed these
pathways activate specific signaling cascades which comprise the ER stress response
(DeGracia and Montie 2004). The IRE-1 and ATF-6 pathways are known to increase
expression of the ER-resident chaperone glucose regulated protein 78 (GRP78) and
all three major ER stress pathways activate a pro-death transcription factor CHOP
which decreases levels of anti-apoptotic Bcl-2 and increases levels of pro-apoptotic
Bim (Gharibani et al. 2013). An additional mechanism underlying the ER stress
response is activation by PERK of caspase-12 which in turn contributes to apoptosis
(Nakagawa et al. 2000).
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The amino acid taurine possesses multiple important cellular functions, as a neu-
rotransmitter, a neuromodulator, in prevention of cellular calcium overload, in
osmoregulation, in membrane stabilization and as a neuroprotector (Oja and
Saransaari 1996; Okamoto et al. 1983; Kumari et al. 2013). Several investigations
have shown that taurine administered post-stroke can elicit a reduction in neurologi-
cal deficits, brain infarct size and expression of apoptotic components including
caspase-3. We have previously reported that using the middle cerebral artery occlu-
sion (MCAO) rat stroke model taurine was capable of preventing ER stress induced
apoptosis through inhibiting the ER stress components ATF6, and IRE1 but not
PERK (Gharibani et al. 2013).

DETC-MeSO is a metabolite of disulfiram (also known as Antabuse-TM) which
has been in use as a treatment for alcoholism. We have recently demonstrated that
DETC-MeSO is effective at preventing glutamate —induced toxicity using in vitro
neuronal models. Importantly we have shown that DETC-MeSO acts as a partial
antagonist of glutamate receptors and contributes to preventing excessive calcium
influx and overload arising from over-activation of NMDA receptors. DETC-MeSO
was shown to prevent seizures in mouse models induced by NMDA or by hyper-
baric oxygen.

17.2 Materials and Methods

17.2.1 Animal Use

All animal procedures were carried out according to the NIH guide for care and use
of animals using protocols and procedures that were reviewed and approved by the
Institutional Animal care and Use Committee of Florida Atlantic University, Boca
Raton, FL. Adult male Sprague Dawley rats (weighing 260-300 g, Harlan, Chicago,
IL) were given free access to food and water. Before surgical procedures animals
were anesthetized with ketamine hydrochloride and xylazine hydrochloride
(administered IP) (McCollum et al. 2010). Animal temperature was maintained at
37 °C by a thermostatically regulated heating pad with a rectal temperature probe
(CMA 450).

17.2.2 Middle Cerebral Artery Occlusion in Rats

Transient focal cerebral ischemia of the middle cerebral artery (MCA) for 2 h
was created by the suture insertion technique (Longa et al. 1989; Sun et al. 2011;
Modi et al. 2014; Gharibani et al. 2014). Briefly, the left common carotid artery
and the left external carotid artery were accessed through a midline neck incision
after which a 4.0 monofilament nylon suture was inserted in the external carotid
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artery and carefully advanced to 17 mm from the carotid bifurcation into the
internal carotid artery. Local cerebral blood flow (LCBF) was monitored in the
cerebral cortex of the left hemisphere using a Laser Doppler flowmeter (LDF)
(Perimed Inc., OH, USA). Reduction in LCBF could be demonstrated when the
filament was inserted the appropriate distance. Animals that did not demonstrate
a LCBF decrease of greater than 70% were excluded from the analysis
(Mohammad-Gharibani et al. 2014). Reperfusion was carried out by removing
the suture 2 h after MCAO.

17.2.3 Rat Treatment Protocols

For taurine studies animals (N = 15) were randomly assigned as controls (MCAO
rats receiving only vehicle, 0.9% saline), experimental (MCAO rats receiving tau-
rine 40 mg/kg) and sham-operated (receiving the same surgical procedure without
insertion of the filament). Taurine was injected subcutaneously in the experimental
group 24 h after the reperfusion for 4 days.

For the DETC-MeSO plus taurine investigations, groups received either
DETC-MeSO (n =9, 0.56 mg/kg) or taurine (n = 9, 40 mg/kg) either individually
or in a combination (N = 9) 4 h after reperfusion (s.c.). Animals received treat-
ment for 4 days before sacrifice. In the control group (n =9) vehicle (I mL saline
0.09%) was injected subcutaneously 4 h after reperfusion for 4 days before ani-
mals were sacrificed. The sham operated group received the same surgical proce-
dure without insertion of the silicon filament. After surgery animals recovered
from anesthesic and had free access to food and water. The animals were exam-
ined daily for body temperature and weight and those that had a body tempera-
ture of greater than 39 °C after 4 h were excluded from the experiment (Li et al.
1999; Gharibani et al. 2014).

17.2.4 Determination of Area of Infarction

Animals were sacrificed using isoflurane and brains were removed for
2,3,5-triplenyltetrazolium chloride (TTC) staining and for analysis in Western blot
(Kramer et al. 2010). Using an adult brain slicer (Matrix, Zivic Instruments) brains
were sectioned coronally into six 2 mm coronal slices located from 2 to 12 mm from
the frontal pole and incubated for 5 min in TTC (J.T.Baker, Faridabad, India) under
dark room conditions for staining (Kramer et al. 2010) followed by collecting sam-
ples for western blot (Kramer et al. 2010). TTC is reduced enzymatically by mito-
chondrial dehydrogenases to become formazan, which causes normal tissue to stain
a deep red color (Bederson et al. 1986). Lesion volume was assessed as described
previously (Gharibani et al. 2013). After the TTC analysis, while the sections were
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on ice, the ischemic parts of the left hemisphere were quickly removed by dissection
and snap frozen (Gharibani et al. 2013).

17.2.5 Measurement of Protein Expression by Western Blot
Analysis

Rat brain samples were homogenized in RIPA buffer plus 1% mammalian protein
inhibitor cocktail (SIGMA) and 1% (v/v) phosphatase inhibitor cocktail (Thermo
Scientific). Western blot was carried out as described previously (Gharibani et al.
2013) with overnight incubation with the following primary antibodies: Abcam:
GRP78, ATF4, p-IRE1, pXBP1, Cell Signaling Bax, Bcl-2, cleaved caspase 3, Akt,
pAkt, pelF2—-alpha, Santa Cruz: CHOP/GADD153, PERK, p-PERK. Membranes
were then treated with ECL horseradish peroxidase conjugated anti-rabbit or anti
mouse IgG (1:3000; GE Healthcare, UK) at room temperature for a further 90 min.
Quantitative western blot results were obtained by densitometric analysis using
image processing and analysis in Java (Image J). Sham operated core and penumbra
samples served as control non-ischemic protein samples for comparison with the
left (ischemic hemisphere samples).

17.2.6 Statistical Analysis with Post-hoc Tests

All data was expressed as the mean + SEM and analysed with t test or one—way
ANOVA. Dunnett post-hoc test or Tukey test was employed for comparison between
groups.

17.3 Results

We had previously investigated the protective mechanisms of taurine administration
acting on ER stress pathways in vitro on hypoxia/re- oxygenation exposure of pri-
mary neuronal cultures and in vivo using the MCAO rat stroke model (Gharibani
et al. 2013). In cell cultures subjected to hypoxia/re-oxygenation we demonstrated
that taurine could down-regulate the ATF6 pathway (as shown by decreased cleaved
ATF6 to ATFG ratio) as well as down-regulate the IRE-1 pathway as indicated by a
decrease in phosphorylated IRE-1 (pIRE-1). In contrast to its effect on the ATF6 and
IRE-1 pathways there was no effect of taurine on down-regulating the PERK path-
way as determined by measurement of ATF4 or p-eIF-2-alpha (Gharibani et al. 2013;
Pan et al. 2012). Using the MCAO rat stroke model we analyzed the effects of taurine
administration 24 h after reperfusion on infarct volume on day 4 of reperfusion and
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on expression levels of components of the PERK, ATF-6 and p-IRE-1 pathways. Our
data indicated that in the MCAO model taurine administration resulted in a decrease
in cleaved ATF-6 to ATFG6 ratio and a decrease in p-IRE1 expression (Fig. 1a, b) but,
by contrast, no down-regulation of the PERK pathway component ATF4 was
observed (data not shown) using this in vivo model of stroke (Gharibani et al. 2013).

To analyze the effects of taurine administration on inhibition of apoptotic
markers associated with the mitochondrial pathway of programmed cell death we
employed Western Blot analysis to measure levels of the ratio of Bcl2 to Bax as
well as expression of Caspase 3 in MCAO rats. Bcl2 family members comprise a
set of homologous proteins that act as key regulators of the mitochondrial path-
way of apoptosis. In cerebral ischemia Bax will translocate to the mitochondrion
and elicit mitochondrial permeability transition pore opening together with
release of cytochrome C and activation of downstream caspases including cas-
pase 3. Our analysis in the MCAO rats indicated that with taurine administration
there was a more than fourfold increase in Bcl2/Bax ratio which resulted in pre-
vention of Caspase 3 activation (Fig. 1c, d). To test the effect of taurine on apop-
tosis caused by ER stress we measured levels of CHOP. Western blot analysis
showed that taurine decreased levels of CHOP in vivo in the MCAO rat stroke
model (Fig. 1e; Gharibani et al. 2013).

In our investigations on the N-Methyl-D-aspartate (NMDA) receptor partial
antagonist S-M-ethyl-NN diethyl-thio-carbamate-sulfoxide (DETC-MeSO) we
found that this agent was protective against tissue damage in the rat MCAO model
of cerebral stroke. Specifically we found reduced infarct size as well as decreased
ER stress and fewer behavioral deficits as seen as improved performance on the
neuroscore test (Gharibani et al. 2014). In response to DETC-MeSO administration
levels of the pro-apoptosis proteins Bak in the penumbra and Bad in both core and
penumbra were decreased while expression of the anti-apoptotic component Bcl-2
was increased in the core and the penumbra. To assess whether ER stress pathways
affected by ischemia and by treatment with DETC-MeSO we employed western
blot to measure levels of components of the PERK, ATF6 and pIRE1 pathways after
administration of DETC-MeSO in the MCAO model (Gharibani et al. 2014).
Importantly expression of PERK pathway components increased after MCAO and
dramatically declined in both core and penumbra after treatment with DETC-
MeSO. To evaluate the effects on the IRE-1 pathway levels of p-IRE-1 were mea-
sured. Following MCAO levels of pIREl were increased in the core and the
penumbra but treatment with DETC-MeSO did not modify expression levels of this
ER stress component. Measurement of expression levels of cleaved ATF-6, a com-
ponent of the ATF-6 pathway of ER stress revealed that DETC-MeSO administra-
tion had no effect on levels of cleaved ATF-6 in both the core and the penumbra
(Gharibani et al. 2014).

To analyze the effects of post treatment with a combination of taurine plus
DETC-MeSO on behavioral outcomes and expression of apoptotic and ER stress
components in the rat MCAO model of cerebral stroke we injected taurine (40 mg/
kg) or DETC-MeSO (0.56 mg/kg) or a combination of both drugs starting 24 h after
reperfusion with injections continuing daily for 4 days.
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Fig. 1 Effects of taurine on ER stress signaling, apoptosis marker expression and CHOP levels in
the rat MCAO stroke model. MCAQ: middle cerebral artery occlusion for 2 h. followed by 4 days
reperfusion. MCAO + taurine: middle cerebral artery occlusion for 2 h followed by 4 days reperfu-
sion, with taurine injected 24 h after reperfusion subcutaneously and injections continued for
4 days. (a) ATFG6 protein expression in the core of the ischemic infarct as determined by Western
blot. The bar graphs present the ratio of cleaved ATF6 to ATF6 using densitometric data from the
experiment using Western blot analysis. (b) P-IRE1 expression in the core of MCAO brain as
determined by Western blot. The bar graphs present the densitometric analysis from the Western
blot. Data is presented and mean = SEM, n = 3, *p < 0.01 versus MCAO. (¢) Bax and Bcl-2 levels
in the core of MCAO brain as determined by Western blot in MCAO and MCAO + taurine. (d)
Caspase 3 protein expression in the core of MCAO brain analyzed by Western blot in MCAO and
MCAO + taurine. (e) CHOP protein levels on Western blot analysis in the core of the MCAO rat
brain (After Gharibani et al. 2013)
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To analyze infarct size 4 days after MCAO, brains were visualized after TTC
staining. A clear infarct was seen in 2 mm sections from the left hemisphere of rats
treated with vehicle whereas the infarct was significantly reduced in the drug treated
groups. In taurine and taurine + DETC-MeSO treated groups a clear reduction in
infarct size was seen compared to the vehicle treated group. Notably the maximum
reduction was found in rats treated with the combination of taurine + DETC-MeSO
with an approximate fivefold reduction by comparison to the vehicle treated group
(data not shown; Gharibani et al. 2015).

For evaluation of behavioral deficits the neuroscore test was employed. There
was no deficit observed in animals before surgery. Sham operated animals also
showed no deficit. Animals that received taurine + DETC-MeSO showed a signifi-
cant decrease in neurological deficits whereas those receiving taurine or DETC-
MeSO showed no decrease in behavioral deficits compared to the vehicle treated
group (Gharibani et al. 2015).

To determine whether our pharmacological treatments modulate the unfolded
protein response in ER stress induced apoptosis we employed Western blot to mea-
sure UPR markers as well as the transcription factor CHOP in MCAO rats treated
with taurine or DETC-MeSO or the combination of taurine + DETC-MeSO. Both
treatment groups of taurine and taurine + DETC-MeSO showed decreased expres-
sion of GRP78 (Fig. 2b). The combination treatment group of taurine + DETC-
MeSO showed a significant decrease in GRP78 expression compared to the other
groups. As seen in Fig. 2¢ treatment with DETC-MeSO had no effect on levels of
cleaved ATF6 in the penumbra of MCAO rats whereas taurine and taurine + DETC-
MeSO both resulted in significant decreases in levels of cleaved ATF6 (Gharibani
et al. 2015). We proceeded to analyze the PERK pathway in the brains of MCAO
rats. Combined treatment with taurine + DETC-MeSO resulted in a major decrease
in ATF4 in penumbra in comparison to the other treatment groups indicating that the
combination effectively inhibited the PERK pathway (Fig. 2d). To analyze the con-
tribution of the IRE-1 pathway we tested levels of expression of pIRE1 (the acti-
vated form of IRE1). The data indicated that phosphorylated IRE1 is expressed at
high levels in the penumbra in the MCAO rat brain by comparison to the sham
operated group. DETC-MeSO administration had no effect on expression of IREI
(Fig. 2e). By contrast both treatment with taurine and treatment with the taurine +
DETC-MeSO combination prevented IRE1 activation in the ischemic penumbra of
the infarct area (Fig. 2e).

As PERK, IRE-1 and ATF6 pathways all converge on CHOP which can elicit
an apoptotic response we wanted to test whether our treatments modulated ER
stress induced apoptosis via CHOP activation (Kim et al. 2008). The data showed
that levels of CHOP were up-regulated in the penumbra of MCAO rats by com-
parison to the sham operated group. Western blot analysis showed approximately
a fourfold decrease in CHOP in penumbra with the taurine + DETC group com-
pared to the other treatment groups, indicating that the combined therapy has a
greater capacity for inhibiting apoptosis induced by ER stress in the MCAO
stroke model (Fig. 2f).



Neuroprotective Functions Through Inhibition of ER Stress by Taurine 201

a

» Sham = Vehicle + DETC-MeSO
- Taurine + DETC-MeSO+Taurine

o

12, GRP78

4

o = N W ~ O

Relative intensity (%Sham)

Day0 Day1l Day2 Day3 Day4 vehicle DETC-MeSO Taurine DETC-MeSO
+Taurine

ATF4

~

0.8, Cleaved
ATF6/ATF6

w

2 *t#

1

Relative intensity (%Sham) ©
Relative intensity (%Sham) o

0 0
vehicle DETC-MeSO Taurine DETC-MeSO vehicle DETC-MeSO Taurine DETC-MeSO
+Taurine +Taurine

(1
-

12, p-IRE-1

e ]
y

CHOP

©
(2]
1

N
1
*

44

w
N
h

i

Relative intensity (%Sham
(<))
Relative intensity (%Sham)

0 oA

vehicle DETC-MeSO Taurine DETC-MeSO vehicle DETC-MeSO Taurine DETC-MeSO
+Taurine

+Taurine

Fig. 2 Analysis of neuronal deficit and expression of UPR (GRP78) and ER stress proteins in the
MCADO stroke model. (a) Effect of DETC-MeSO and taurine on neuro-score measurement in
MCAO stroke model at 4 days. Recovery from neurological deficits is only observed in the group
that received DETC + MeSO + taurine each day starting 24 h after reperfusion. All sham animals
demonstrated no deficit scoring 5 on neuroscore. Values shown indicate mean + SEM. * denotes
statistical significance between DTEC-MeSO + taurine (0.56 mg/kg and 40 mg/kg, respectively)
and vehicle treated group by Kruskal Wallis ANOVA, together with Dunn’s test; N =9, p < 0.05).
(b) GRP78 levels in the penumbra of the MCAO brain were analyzed by Western blot. GRP78
levels were found to substantially decrease in the penumbra of combined DETC-MeSO + taurine
treated group compared to the other treated groups. All three pathways of ER stress were analyzed
in the penumbra of MCAO at 4 days of treatment. Combined treatment with DETC +taurine
resulted in significant decreases in all 3 pathways of ER stress including ATF6 (c¢) ATF4 (d) and
p-IRE1 (e) when compared to the other treatment groups. (f) Analysis by Western blot demon-
strated that all treatment groups could significantly decrease expression of CHOP in the ischemic
penumbra of rat brain. Notably combined therapy more effectively inhibited CHOP and apoptosis
caused by ER stress compared to other treatment groups. Values in the graphs indicate mean =+
SEM. *, i and # refer to statistical significance compared to vehicle control, DETC-MeSO and
taurine treated groups respectively using ANOVA in addition to Tukey post hoc test (N = 5,
p < 0.05). (After Gharibani et al. 2015)
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17.4 Discussion

Numerous studies have demonstrated that taurine administration is protective
against stroke, neurodegenerative disease and traumatic brain injury (TBI) Menzie
et al. 2014). Furthermore we recently showed that DETC-MeSO, a partial NMDA
antagonist is protective in the MCAO rat model of focal ischemia. Our recent exper-
iments demonstrated that taurine or DETC-MeSO administration alone in the rat
MCAO model ere both protective through down-regulating apoptotic pathways and
that they differed in their activities by selectively regulating specific pathways from
the three major ER stress pathways, PERK, ATF6 and IRE1. Our hypothesis was
therefore that a combined drug treatment with taurine plus DETC-MeSO adminis-
tered after the MCAO insult would elicit greater protection than administration of
either drug alone.

The protective serine/threonine specific kinase Akt is known to be antiapoptotic
and neuroprotective in both cell culture models and in vivo. Akt has been found in
several investigations to promote neuroprotection in stroke models. In our previous
studies we demonstrated that treatment with 5.6 mg/kg of DETC-MeSO elicited
protection through inducing increased levels of p-Akt in the penumbra of the MCAO
model at 4 days. However a low dose of DETC-MeSO (at 0.56 mg/kg) elicited no
protection in this model and did not increase pAkt expression (data not shown).
Administration of taurine or taurine plus DETC-MeSO elicited a significant induc-
tion of pAkt which occurred in parallel with elevated Bcl-2/Bax ratio reflecting
enhanced neuroprotection and decreased apoptosis (Gharibani et al. 2015).

The endoplasmic reticulum plays important roles of maintaining intracellular
calcium homeostasis as well as folding and processing of cellular proteins (Reddy
et al. 2003). Cell stresses including hypoxia and glucose deprivation may lead to
accumulation of unfolded or misfolded proteins in the ER which may subsequently
elicit ER stress and downstream apoptotic cell death (Harding et al. 2000; Oyadomari
and Mori 2004). In investigating the protective effects of taurine or DETC-MeSO or
taurine plus DETC-MeSO on the activation of ER stress pathways we employed
western blot analysis to measure levels of expression of components of the PERK,
ATF6 and IRE-1 pathways. ER stress signaling through the PERK pathway elicits
inhibition of cap dependent translation by phosphorylation of a subunit of elF2-
alpha which contributed to preventing a further increase in mis-folded proteins in
the ER. PERK also signals to ATF-4 dependent genes which are in turn responsible
for regulating amino acid biosynthesis and redox reactions as well as pro-apoptotic
pathways through activation of the transcription factor CHOP. In the MCAO model
of stroke our data indicated that there was no change in ATF4 following either DET-
MeSO or taurine treatment. However the combined treatment with DETC-MeSO
plus taurine resulted in a significant decrease in ATF4 expression.

In our previous in vivo studies treatment with taurine decreased expression of
components of two of the ER stress pathways, the ATF6 and IRE1 pathways but had
no effect on the PERK pathway (Gharibani et al. 2013). Following activation of the
ATF6 pathway ATF6 translocates to the nucleus to induce expression of chaperone
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Fig. 3 Major Endoplasmic Reticulum Stress and Mitochondrial Stress pathways eliciting cell
death in focal ischemia. ER stress initiated by misfolded or unfolded proteins in the ER is triggered
by release of inhibition of PERK, ATF6 and IRE1 from GRP78 which dissociates from these part-
nering molecules in the ER. Subsequent steps involve dimerization and phosphorylation of PERK
and of IRE-1 and cleavage of ATF6 (p90) to ATF6 (P50). Activated PERK phosphorylates elF2-
alpha leading to an increase in ATF-4. All three of these pathways upregulate the transcription
factor CHOP resulting in cell death. Mitochondrial stress resulting from enhanced Bax to Bcl-2
ratio will elicit opening of the mitochondrial permeability transition pore and release from the
mitochondrion of cytochrome C and the adaptor protein APAF1 which, in turn, comprise part of
the apoptosome, an intermediate signaling complex. Following formation of the apoptosome acti-
vated caspase 9 then cleaves downstream caspase 3 culminating in apoptotic cell death

proteins as well as the pro-survival transcription factor XBP1. With post-ischemia
administration, DETC-MeSO did not decrease levels of cleaved ATF6 in penumbra.
By contrast treatment with taurine and with taurine plus DETC-MeSO resulted in a
significant decrease in levels of ATF6.

The degree of inhibition of the IRE-1 pathway, the third ER stress pathway was
evaluated by measurement of levels of pIRE-1 in the penumbra. Our data indicated
that there was a significant decrease in pIRE-1 expression in the penumbra with post
administration of DETC-MeSO. Notably our combined treatment strategy using
both DETC-MeSO and taurine administration post-stroke resulted in a decrease in
activity of all 3 ER stress pathways.

Neuronal cell death in stroke can occur through the mitochondrial pathway of
apoptosis or through ER stress pathways that signal through CHOP and culminating
in mitochondrial induced programmed cell death (Fig. 3) (Oyadomari and Mori
2004). Mitochondrial stress resulting in apoptosis is elicited through the action of
Bcl-2 family members Bax or Bak as a trigger on the mitochondrial membrane,
contributing to the release of cytochrome C from the inter-membrane space.
Cytochrome C in conjunction with APAF1 and caspase 9 constitute part of the
apoptosome, an intermediate complex that proceeds to signal to the downstream



204 H. Prentice et al.

caspase, caspase 3, culminating in programmed cell death. ER stress in cerebral
ischemia will also result in cell death (Fig. 3) (Yoshida et al. 1998). Dissociation of
GRP78 from the sensors of ER stress Perk, ATF6 and IRE-1 enable activation of the
ER stress pathways culminating in signaling to CHOP, activation of Bim and subse-
quent ER stress induced apoptotic cell death. Notably, in the current studies our data
demonstrates that both mitochondrial stress and ER stress are activated in the
MCAQO rat stroke model and furthermore, the key components of these two major
types of neuronal stress are potently inhibited by taurine (Gharibani et al. 2013), or
DETC-MeSO (Gharibani et al. 2014) individually as well as by synergistic effects
of low dose administration of the combination therapy of taurine plus DETC-MeSO
(Gharibani et al. 2015).
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Abstract Ischemic stroke is one of the greatest contributors to death and long term
disability in developed countries. Ischemia induced brain injury arises due to exces-
sive release of glutamate and involves cell death due to apoptosis and endoplasmic
reticulum (ER) stress responses. Despite major research efforts there are currently
no effective treatments for stroke. Taurine, a free amino acid found in high concen-
trations in many invertebrate and vertebrate systems can provide protection against
arange of neurological disorders. Here we demonstrate that taurine can combat ER
stress responses induced by glutamate or by hypoxia/re-oxygenation in neuronal
cell lines and primary neuronal cultures. Taurine decreased expression of ER stress
markers GRP78, CHOP, Bim and caspase 12 in primary neuronal cultures exposed
to hypoxia/re-oxygenation. In analyzing individual ER stress pathways we demon-
strated that taurine treatment can result in reduced levels of cleaved ATF6 and
decreased p-IRE1 levels. We hypothesized that because of the complex nature of
stroke a combination therapy approach may be optimal. For this reason we pro-
ceeded to test combination therapies using taurine plus low dose administration of
an additional drug: either granulocyte colony stimulating factor (G-CSF) or sulin-
dac a non-steroidal anti-inflammatory drug with potent protective functions through
signaling via ischemic preconditioning pathways. When primary neurons were pre-
treated with 25 mM taurine and 25 ng/mL G-CSF for I hour and then exposed to
high levels of glutamate, the taurine/G-CSF combination increased the protective
effect against glutamate toxicity to 88% cell survival compared to 75% cell survival
from an individual treatment with taurine or G-CSF alone. Pre-exposure of PC12
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cells to 5 mM taurine or 25 pM sulindac did not protect the cells from hypoxia/re-
oxygenation stress whereas at these concentrations the combination of taurine plus
sulindac provided significant protection. In summary we have demonstrated the
protective effect of taurine in primary neuronal cultures against hypoxia with re-
oxygenation through inhibition of ATF6 or p-IRE-1 pathway but not the PERK
pathway of ER stress. Furthermore the combinations of taurine plus an additional
drug (either G-CSF or sulindac) can show enhanced potency for protecting PC 12
cells from glutamate toxicity or hypoxia/re-oxygenation through inhibition of ER
stress responses.

Keywords Taurine * Neuroprotection ® Hypoxia ® Endoplasmic reticulum stress
* Glutamate excitotoxicity

Abbreviations

ER stress  Endoplasmic reticulum stress
GCSF Granulocyte colony stimulating factor

1 Introduction

Stroke is the third cause of mortality world-wide and is a leading cause of disability
(Go et al. 2014). Despite intense research efforts there are to date no effective thera-
pies for stroke. Cerebral hypoxia/ischemia results in depleted oxygen and glucose
availability and induces excessive release of glutamate and other neurotransmitters.
Subsequent activation of post-synaptic glutamate receptors acts as a trigger for acti-
vation of major downstream signaling cascades resulting in neuronal cell death
(Nicholls and Attwell 1990).

Taurine (2-amino ethanesulfonic acid) is one of the most abundant amino acids
found in mammalian brain, skeletal muscle and cardiac muscle (Sturman 1993;
Huxtable 1992). Taurine has been employed in the treatment of a range of neuro-
logical diseases including Alzheimer’s disease, Huntington’s disease and ischemic
stroke (Takatani et al. 2004; Paula-Lima et al. 2005; Takahashi et al. 2003). The
physiological functions of taurine include neuro-modulation, prevention of cellular
calcium overload, osmoregulation, neurotransmission and neuroprotection (Oja and
Saransaari 1996; Okamoto et al. 1983; Kumari et al. 2013). Taurine has also been
reported to contribute to membrane stabilization and detoxification and to counter-
act the effects of oxidative stress in the brain (Moran et al. 1987; Chen et al. 2001).
We have previously demonstrated that taurine can protect primary cortical neurons
from hypoxia and glutamate induced endoplasmic reticulum stress (ER stress)
induced by oxidative stress (Pan et al. 2010b).
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Granulocyte colony stimulating factor (GCSF) is a growth factor that is clinically
in use for treatment of neutropenia (Metcalf 1990). GCSF can cross the blood brain
barrier and GCSF demonstrates important actions in the CNS through binding to the
GCSF receptor on Neuronal cells. Increasing evidence indicates that GCSF is neu-
roprotective as well as neuroregenerative and GCSF has been found to elicit protec-
tion in a number of neurological disease models including those for Parkinson’s
disease, Huntington’s disease and ischemic stroke (Schibitz et al. 2003). A further
additional candidate of great potential value for use in neuro-protection in the CNS
is sulindac, a well-known anti-inflammatory drug and inhibitor of COX1 and COX2.
It has been demonstrated that sulindac acts as an anti-cancer agent while also pos-
sessing the property of protecting normal cells by pro-survival pathways that include
ischemic preconditioning pathways (Tinsley et al. 2011; Moench et al. 2009).

In our previous investigations we demonstrated neuroprotection by taurine
against ER stress induced by glutamate treatment of primary cortical neurons (Pan
et al. 2010a, 2012). In our subsequent studies we have employed primary cortical
neurons and PC12 cells to characterize the mechanisms of neuroprotection by tau-
rine and taurine containing drug combinations (Pan et al. 2012). We have tested the
hypotheses that other neuroprotective including sulindac and GCSF may demon-
strate enhanced protection when combined with taurine using in vitro models of
stroke (Pan et al. 2010b). To examine the potential of taurine plus sulindac to elicit
protection of PC12 cells against hypoxia/re-oxygenation we have tested low doses
of these drugs that show no protective effects individually to determine whether the
combination of taurine and sulindac at these doses may elicit synergistic neuropro-
tective effects.

2 Materials and Methods

2.1 Primary Neuronal Cell Culture

Primary neuronal cultures were prepared by standard methods. Briefly pregnant rats
were euthanized after isoflurane exposure and embryos at days E16-E18 were
removed and brains were isolated from the fetuses. Brains were placed in Basal
Medium Eagle supplemented with 2 mM glutamine, 6.8 mM glucose and 20%
heat—inactivated fetal bovine serum. Cortices were dissociated by passing through
a 14-G cannula. Cells were centrifuged at 300 g/min for 5 min at room temperature
after which the pellet was re-suspended in GME for plating in tissue culture plates
that had been pre-coated with 5 pg/mL of poly-D- lysine. Cells were then main-
tained for 1 h in a humidified incubator (37 °C, 99% humidity and 5% CO2) after
which incubation medium was replaced with serum free neurobasal medium sup-
plemented with 2% B27 and 500 pM glutamine. The cells were then maintained in
an incubator for 12—18 days until they were ready for use in experimental analysis
(Hartung 1998).
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2.2 PCI2 Cell Culture

PC12 cells were maintained at 37 °C/5% CO2 in F12-K medium supplemented
with 2.5% (v/v) fetal bovine serum (FBS), 15% (v/v) penicillin—streptomycin
solution. All experiments were performed on undifferentiated cells plated at a den-
sity of approximately 5 x 10e4 cells/ell for western blot for 4 h before starting the
experiments. The 96 well plates or petri dishes were pre-coated with poly-d-lysine
before plating.

2.3 Hypoxia and Re-oxygenation

To provide a hypoxic environment 14-day cultured neurons in 6 or 96 well plates
were placed in a hypoxia chamber with oxygen levels maintained at 0.3-0.4%. The
level of oxygen was continuously monitored using an oxygen electrode. Primary
cortical neuronal cultures in the presence or absence of appropriate drug treatment
conditions were subjected to 20 h of hypoxia. Re-oxygenation was carried out by
removing the cultures from the hypoxia chamber and transferring them to a normal
culture incubator for another 20 h. For taurine plus sulindac combination experi-
ments, cells were pre-exposed to taurine or sulindac alone or both taurine and sulin-
dac for 24 h prior to hypoxia/re-oxygenation exposure.

2.4 Glutamate Toxicity

To elicit glutamate induced toxicity neurons at 14 days in culture ere pre-incubated
with different concentrations of drug treatment for 1 h. The neurons were then
treated with 100 pM glutamate for another 1 h or 10 min.

2.5 ATP Assay for Measurement of Cell Viability

Primary cortical neuronal cells in 96 well dishes were subjected to drug treatment
for 1 h and then cells were subjected to glutamate toxicity or to hypoxia/re-
oxygenation to induce cell death. ATP solution (Promega) as added to each well and
cells were incubated for 10 min after which the amount of ATP was quantified in a
luciferase reaction. The luminescence intensity was measured using a luminometer
with lysates in a standard opaque walled multi-well plate. The ATP content was
determined by running an internal standard and expressed either in raw lumines-
cence units or as a percentage of untreated cells (control).
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2.6 Western Blot Analysis

PC12 cultures were lysed in RIPA buffer (25 mM Tris-HCI, pH 7.6, 150 mM NaCl,
1% NP-40, 1% sodium deoxycholate, 1% SDS) containing 1% mammalian protease
inhibitor cocktail from Sigma and separated on SDS-PAGE followed by transfer to a
nitrocellulose membrane. The membrane as then blocked in blocking buffer (20 mM
Tris-HCI, 150 mM NaCl, 0.1% Tween-20, 5% milk) for 1.5 h at room temperature.
After blocking, membranes were incubated with primary antibodies for 1 h followed
by a 1 h incubation with the corresponding HRP-conjugated secondary antibody at
room temperature. Extensive washes with blocking buffer were performed between
each step. The protein immuno-complex was visualized using ECL detection reagent
purchased from Thermo Scientific. Quantitative Western Blot results were obtained
by densitometric analysis using image processing and analysis in Java (Image J).

2.7 Statistical Analysis

All data were expressed as mean + SEM. The statistical significance of the data was
determined with Student’s t-test of by one- or two-way ANOVA combined with
Dunnett post hoc or Tukey post hoc test to compare means between groups.

3 Results

In cortical neurons treated with hypoxia and re-oxygenation and tested with a
range of doses of taurine we previously established that culturing in the pres-
ence of 10 mM taurine would increase cell survival as measured by ATP assay
from 49% without taurine up to the level of 85% cell viability. On exposure of
cultures to hypoxia/re-oxygenation, we showed that expression of CHOP, cas-
pase 12 and cleaved caspase 12 were highly induced and that pretreatment with
taurine resulted in a significant reduction of CHOP, caspase 12 and cleaved
caspase 12 pointing to a decrease in apoptosis resulting from ER stress (Pan
et al. 2012). The major ER stress induced signaling pathways PERK (as mea-
sured by quantification of elF2-alpha and ATF4), ATF6 and IREl (shown as
cleaved ATF6 to ATF6 ratio) and levels of IRE-1 as measured by levels of phos-
phorylated IRE1 (pIRE-1) were substantially increased by hypoxia/re-oxygen-
ation (Fig. la, b, ¢, d). Taurine pre- treatment resulted in a large decrease in
cleaved ATF6/ATF6 ratio. pIRE-1 levels fell to less than 40% of hypoxia/
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Fig. 1 Neuroprotective effect of taurine via hypoxia and glutamate induced ER stress pathways.
Taurine has no effect on the PERK pathway (reflected in levels of P-elF2-alpha and ATF4) after
hypoxia/re-oxygenation and glutamate induced ER stress pathways. Taurine has no effect on the
PERK pathway (reflected in levels of p-elF2-alpha and ATF4) after hypoxia/re-oxygenation.
Levels of expressed proteins were determined by Western blot and bar graphs reflect the densi-
tometric data for the levels of the particular molecular target. (a) P-elF-alpha Western blot
results with arbitrary units. (b) ATF4 expression Western blot results with arbitrary units. (c)
Ratio of cleaved ATF6 to ATF6 expression Western blot results with arbitrary units. (d) P-IRE-1
expression Western blot results with arbitrary units. (e) Neuroprotective effects of taurine plus
GCSF against glutamate—induced excitotoxicity. Primary cortical neurons were pre-incubated
with 25 mM taurine plus GCSF (25 ng/mL) for 1 h and then exposed to 100 pM glutamate for
4 h. Cell survival was measured by ATP assay. Values in bar graphs represent mean = SEM,
n =3, *p < 0.05 and **p < 0.01 versus Normoxia, ##p < 0.01 versus Hypoxia (After Pan et al.
2010a and Pan et al. 2012)

<
<

re-oxygenation levels (Fig. 1c, d). In contrast to the evidence for inhibition of
the ATF6 and IRE-1 pathways by taurine it was found that pre-treatment with
taurine did not prevent the induction of the PERK pathway components p-elF2-
alpha or ATF4 (Fig. 1a, b).

To examine the potential of taurine or taurine in combination with GCSF to elicit
protection of cultured neurons we preincubated cells for 1 h with taurine at a range
of concentrations from 5 to 25 mM in combination with GCSF at 10 or 25 ng/mL
and then subjected the cultures to excessive glutamate exposure to elicit excitotoxic-
ity (data not shown). Exposure of cortical neurons to 100 pM glutamate for 4 h
resulted in glutamate toxicity. Pre-exposure of cells to 25 mM taurine plus 25 ng/
mL GSCF for 1 h resulted in protection against glutamate toxicity and increased cell
survival to 88% compared to less than 75% cell survival with taurine or GCSF treat-
ment alone (Fig. le).

To study the protection by taurine or taurine combination therapy in cultured
PC 12 cells exposed to hypoxia/re-oxygenation we pre-incubated cells for 30 min
with 5 mM taurine in combination with sulindac at 25 pM and then subjected the
cultures to 24 h hypoxia followed by 24 h of re-oxygenation. Pre-exposure of
cultures to 5 mM taurine plus 25 pM sulindac protected the PC12 cells against
hypoxia/reoxygenation and increased cell survival significantly compared to lev-
els obtained for 5 mM taurine or 25 pM sulindac alone (Fig. 2). Hence taurine
and sulindac in combination demonstrated a synergistic effect of protection of
PC12 cells subjected to hypoxia/re-oxygenation at the low doses employed in
this study (Fig. 2).
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Effect of Combination of Taurine plus Sulindac

S-Sulindac (Micromolar) * differs from # (p<0.01).
T=Taurine (Millimolar) ** differs from # (p<0.05).
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Fig. 2 Synergistic neuroprotective effect of taurine plus sulindac enhances cell survival of PC12
cells subjected to hypoxia and re-oxygenation. PC12 cells were preincubated for 30 min with
5 mM taurine or 25 pM sulindac or a combination of 5 mM taurine plus 25 pM sulindac or with
growth medium without drugs and then maintained in normoxic conditions or subjected to 24 h
hypoxia with 24 h re-oxygenation. Cell viability was measured by ATP assay and expressed in raw
luminescence units. Significant differences determined by ANOVA with post-hoc Tukey test.: *dif-
fers from # (p < 0.01); **differs from # (p < 0.05)

4 Discussion

Taurine, the most abundant free amino acid in the CNS is known to elicit protection
for stroke and neurodegenerative disease (Birdsall 1998; Sun and Xu 2008; Sun
et al. 2011). Taurine protection by antioxidant mechanisms has been previously
demonstrated in myocardial mitochondria subjected to hypoxia re-oxygenation or
to Mn-superoxide dismutase inhibition (Chen et al. 2009). Through its action as a
GABA agonist taurine has been shown to increase GABA levels as well as to acti-
vate GABA receptors (Paula-Lima et al. 2005; Tadros et al. 2005). Taurine can also
protect through preventing the increase in intracellular free calcium resulting from
glutamate excitotoxicity.

We previously demonstrated that ER stress inhibition may underlie the protec-
tion by taurine against glutamate excitotoxicity (Pan et al. 2010b). In subsequent
studies we have employing primary cortical neuronal cultures we demonstrated
clear protection by taurine administration against cell death caused by hypoxia and
re-oxygenation (Pan et al. 2012). Here we present analyses of the signaling path-
ways underlying the protection of cortical neurons against hypoxia/re-oxygenation
that leads to ER stress pathway activation. Furthermore we analyze the contribution
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of individual ER stress pathways to hypoxia/re-oxygenation and determine the
effect of taurine on inhibition of these pathways.

We have previously demonstrated that in primary cortical neurons treatment
with excessive glutamate concentrations resulted in activation of intracellular com-
ponents of an ER stress response including GRP78, CHOP, Caspase 12 and Bim
(Pan et al. 2010a, 2012). The pro-apoptotic transcription factor CHOP is expressed
at low levels in untreated cells and is known to be greatly induced by ER stress
(Nemetski and Gardner 2007). We have shown that CHOP is increased by exposure
to hypoxia/re-oxygenation and that taurine administration will decrease levels of
CHOP to normoxic levels. Pro-caspase 12 resides on the ER membrane and acti-
vates caspase dependent apoptosis in response to ER stress. We demonstrated that
caspase 12 or cleaved caspase 12 was induced by hypoxia/re-oxygenation and that
taurine reduced levels of caspase 12 to levels found in normoxic conditions. Hence
we have demonstrated the contribution of taurine to preventing cell death resulting
from hypoxia/re-oxygenation through decreasing both caspase 12 and CHOP.

Treatment with combination therapies of drugs at low doses may show potential
for achieving good efficacy while avoiding side effects that could result from high
dose drug exposure. We have demonstrated that taurine in combination with GCSF
is capable of eliciting protection of primary cortical neurons against glutamate exci-
totoxicity. We have extended our multi-drug studies to include pre-treatment of
PC12 cells subjected to hypoxia/re-oxygenation with a combination of taurine plus
sulindac. Individually 5 mM taurine and 25 pM sulindac did not show protection but
the combination of taurine plus sulindac at these low doses showed significant pro-
tection. In conclusion taurine is effective in protecting neuronal cells against ER
stress induced by glutamate toxicity or hypoxia/re-oxygenation and combination
treatments using taurine plus GCSF and or taurine plus sulindac show very good
potential for eliciting high level neuroprotection in cell culture models of glutamate
excitotoxicity and hypoxia/re-oxygenation.
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Abstract Alcohol dependence is a puzzling brain disorder causing enormous suf-
fering and financial costs world-wide. One of the few common denominators of all
addictive drugs is activation of the mesolimbic dopamine system resulting in
increased dopamine levels in the nucleus accumbens. In order to understand the
development of addiction and find new efficient treatment strategies we need to
understand how addictive drugs increase dopamine following acute and chronic
administration of drugs. In the search for mechanisms underlying ethanol’s ability
to increase dopamine in the nucleus accumbens we have found taurine to be of
major importance, although the complete picture remains to be disclosed. The aim
of the present study was to explore whether chronic voluntary ethanol intake influ-
ences the ethanol-induced elevation of taurine. By means of in vivo micro-dialysis
we found that voluntary intake of large amounts of ethanol for 12 weeks only had a
modest influence on ethanol-induced elevations of taurine in the rat.
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1 Introduction

Alcohol use and abuse is continuously causing disease, suffering as well as enor-
mous costs for societies world-wide. If we are to prevent and treat alcohol use disor-
ders, we need to understand the mechanisms underlying the development of
addiction. One of the few common denominators among addictive substances is that
they increase dopamine in the nucleus accumbens (nAc) (Di Chiara and Imperato
1988). This dopamine elevation has been linked to the rewarding and reinforcing
properties (Koob 1992; Wise and Rompre 1989; Spanagel 2009), which is also why
this neurotransmitter often is in focus in addiction research. Thus, understanding the
mechanisms underlying ethanol’s ability to increase dopamine is of high
importance.

Apart from dopamine ethanol is also known to increase extracellular levels of the
amino acid taurine (De Witte et al. 1994; Dahchour et al. 1996). In addition, local
administration of taurine in the nAc increases dopamine via the same neuronal cir-
cuitry as ethanol (Ericson et al. 2006) involving glycine receptors in the nAc as well
as nicotinic acetylcholine receptors in the ventral tegmental area (Soderpalm and
Ericson 2013). Interestingly, we also found that in order for ethanol to produce an
elevation of dopamine in the nAc an increase of extracellular taurine is required
(Ericson et al. 2011). This would then implicate taurine as a major participant in the
reinforcing properties of ethanol. Further studies are needed to validate or discard
this hypothesis.

Several studies have linked chronic drug/alcohol intake to decreased endogenous
levels of dopamine in the mesolimbic dopamine system (Diana et al. 1993; Volkow
et al. 2007; Feltmann et al. 2016). This adaptation appears also to be a common
denominator for addictive drugs but the underlying mechanism to this event is not
known. Whether chronic intake of ethanol also produces altered extracellular levels
of taurine is not well studied. Thus, in the present study we aimed to measure basal
and ethanol-induced extracellular levels of taurine and dopamine in naive rats and
in rats with a history of high voluntary ethanol intake.

2 Methods

2.1 Voluntary Ethanol Intake

A total of 48 male Wistar rats (Taconic, Ejeby, Denmark) weighing 160-180 g at
arrival were housed with regular 12 h light cycle and had ad lib access to tap water
and standard rodent chow. Following 1 week of acclimatization to the animal
facilities the rats were placed in single cages with continuous access to a bottle of
water and a bottle of 6% (v/v) ethanol solution. After 3 weeks the rats with the
highest ethanol consumption were selected (n = 8) and were administered 12%
ethanol solution in the bottle in addition to the water bottle for another 8 weeks.
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Fig. 1 Ethanol intake calculated as g/kg/day (a) and weight gain (b) for the eight selected ethanol
high preferring rats placed in a voluntary ethanol consumption paradigm. The first 3 weeks the rats
received 6% ethanol solution in addition to the regular water bottle and 12% ethanol solution for
the remainder of the experiment

The bottles were weighted twice a week and body weight was measured once a
week (Fig. 1). All experiments were approved by the Ethics Committee for Animal
Experiments, Gothenburg, Sweden.

2.2 In Vivo Microdialysis

In vivo microdialysis was carried out in freely moving rats with or without a history of
ethanol consumption (naive). Dialysis probes were surgically implanted in the nAc as
previously described (Clarke et al. 2014) using the coordinates (A/P: +1.85, M/L:
—1.2 mm to bregma, V/D: —7.8 mm relative to dura; Paxinos and Watson 2007).
Following 2 days of recovery the microdialysis experiment was initiated. The dialysis
probe was connected to a microperfusion pump via a swivel and the probe was per-
fused with Ringer’s solution at a rate of 2 pL/min. Dialysate samples were collected
every 15 min and analyzed for dopamine and taurine using two separate high-perfor-
mance liquid chromatography systems as previously described (Lido et al. 2009). After
a stable baseline had been obtained the rats received ethanol (300 mM) in the perfusion
medium for 45 min or were maintained on Ringer’s solution (control animals). After
the experiment the rats were sacrificed and the probe placement was verified.

2.3 Statistic Analysis

Statistical significance was determined by Student’s t-test. Each value was expressed
as the mean = SEM. Differences were considered statistically significant when the
calculated P value was less than 0.05.
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3 Results

3.1 Ethanol-Induced Elevation of nAc Taurine Is Modest
in Ethanol-Experienced Rats

In the present study we wanted to further explore the ethanol-induced elevation of extra-
cellular taurine in the nAc. As we previously demonstrated an ethanol-induced eleva-
tion of dopamine needs to be preceded by an increase of extracellular taurine (Ericson
et al. 2011) possible adaptations following chronic ethanol intake may be of impor-
tance. Here we found that voluntary consumption of rather high amounts of ethanol
(6.22 + 0.59 g/kg/day in average calculated from the last three recordings) did not have
a major impact on ethanol’s ability to increase extracellular levels of taurine (Fig. 2a).
Rats with a previous history of ethanol consumption responded with increased
extracellular levels of taurine following acute ethanol administration (Ringer vs.
ethanol exposed rats, p < 0.001). Only at time-point 30, i.e. 30 min following the
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Fig. 2 Extracellular levels of taurine in the nAc as measured by in vivo microdialysis in naive rats
or rats with a high ethanol intake (n = 5-7). Ethanol (300 mM) was perfused via the dialysis probe
as indicated by the black line in (a). Baseline levels of taurine is shown in (b), and the histogram
in (c) highlights extracellular taurine levels at time-point 30. All data are expressed as mean + SEM,
* =p < 0.05 as calculated against the Ringer group; # = p < 0.05 as compared to the ethanol naive

group
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initiation of ethanol perfusion, a blunted response was revealed (Fig. 2c; ethanol
naive vs. ethanol exposed, p = 0.006). When comparing baseline levels of extracel-
lular taurine, we found that the two groups of naive rats (Ringer and ethanol naive
groups) had significantly different extracellular levels of taurine (p = 0.004). However,
when pooling the two groups with ethanol naive rats their basal levels of taurine did
not differ from rats with a previous history of voluntary ethanol consumption.

3.2 Ethanol-Induced Elevation of nAc Dopamine Is Lower
in Ethanol-Experienced Rats

When analyzing dopamine, we found that the ethanol-induced elevation of dopa-
mine was less prominent in rats chronically exposed to ethanol (Fig. 3a). Although
the ethanol high preferring rats did respond with a significant elevation of dopamine
following acute exposure (Ringer vs. ethanol exposed, p = 0.042) ethanol was able
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Fig. 3 Extracellular levels of dopamine in the nAc as measured by in vivo microdialysis in naive
rats or rats with a high ethanol intake (n = 6-7). Ethanol (300 mM) was perfused via the dialysis
probe as indicated by the black line in (a). Baseline levels of dopamine is shown in (b), and the
histogram in (c) highlights extracellular dopamine levels at time-point 30. All data are expressed
as mean + SEM, * = p < 0.05 as calculated against the Ringer group; # = p < 0.05 as compared to
the ethanol naive group
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to produce a larger increase in the ethanol naive rats (Fig. 3c; ethanol naive vs. etha-
nol exposed, p = 0.004). When comparing basal levels of dopamine, no differences
were found between the groups (Ringer vs. ethanol naive rats, p = 0.427, Ringer vs.
ethanol exposed rats, p = 0.210).

4 Discussion

In the present study using rats with almost 3 months of high voluntary ethanol con-
sumption, we found only very modest alterations of taurine in comparison to etha-
nol naive rats. Ethanol has the ability to increase extracellular taurine both in naive
rats and rats with 3 months of high ethanol intake. This is in line with a study from
Lallemand and co-workers (2011) where they only found a minor reduction in etha-
nol’s ability to increase taurine in rats following 3 weeks of forced ethanol intake
(gavage). This would then indicate that the ethanol-induced increase of extracellular
taurine is a rather robust phenomenon or that a longer period of alcohol exposure is
needed to induce adaptations. When dopamine was analyzed in the same samples
we found a more pronounced difference in response to acute ethanol administration
between naive rats and rats that had consumed ethanol for 12 weeks. The ethanol-
experienced rats displayed a significant but modest dopamine elevation. It is not
possible to determine whether the diminished dopamine elevation is due to adapta-
tions following ethanol consumption or if the animals voluntarily choose to con-
sume large amounts of ethanol due to an unresponsive endogenous dopamine
system. It has also been suggested that the time point for measuring dopamine fol-
lowing ethanol exposure is delicate. Immediately after withdrawal dopamine levels
are low whereas after a few weeks of abstinence the dopamine levels are higher than
normal (Hirth et al. 2016). Further studies addressing this question is needed.

Low levels of endogenous striatal dopamine were suggested to both be a cause
for, as well as consequence of, excessive ethanol intake (Kashem et al. 2012). When
monitoring the basal dopamine levels in the present study we found no differences
between naive animals and those that hade been drinking large amounts of ethanol.
Since the naive rats did not have the opportunity to demonstrate whether they were
ethanol preferring rats or not, a spontaneously low dopaminergic tone could have
masked any ethanol-induced adaptations in dopamine transmission. However,
including more animals and utilizing another method (such as no-net-flux microdi-
alysis) could in future studies shed light on these issues.

Analyzing basal levels of taurine and dopamine in the same samples produced an
interesting result. The two groups with naive rats differed substantially in basal
levels of extracellular taurine. This would indicate that the basal extracellular levels
of taurine can be very different between individuals, an interesting phenomenon that
should be investigated more in depth. In the present study, although statistically
significant findings, we are unable to make any conclusions regarding possible
adaptations of a taurinergic tone following ethanol consumption. We will continue
to investigate differences in extracellular taurine levels in relation to ethanol con-
sumption and ethanol-induced dopamine elevation.
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S Conclusion

In the present study we found that ethanol high preferring rats, consuming ethanol
for 12 weeks, displayed a modestly attenuated ethanol-induced elevation of taurine
and a diminished increase of extracellular dopamine. Whether this is due to ethanol-
induced adaptations or if this is an underlying factor as to why some rats choose to
voluntarily consume large amounts of ethanol remains to be established.
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Abstract Amyloid-p (AP) aggregates are a hallmark of Alzheimer’s disease (AD).
Through the misfolding process of Ap in the brain, oligomeric forms of Ap accumu-
late and significantly damage the brain cells inducing neuronal loss and cognitive
dysfunctions that lead to AD. We hypothesized that decrease in Ap oligomers dur-
ing the aggregation process might be able to reduce AB-dependent brain damage. As
taurine-like chemicals are often reported to have direct binding abilities to Ap, we
prepared a chemical library that consisted of taurine-carbohydrate derivatives to
search for molecules that target Ap and accelerate its fibrillogenesis. Here, we report
that 1-deoxy-1-(2-sulfoethylamino)-D-fructose stimulates the formation of rela-
tively less toxic AP fibrils leading to prevention of cognitive deficits in AD acute
model mice.

Keywords Taurine-fructose derivative * Prevention of cognitive deficits

Abbreviations

AD  Alzheimer’s disease
AB  Amyloid-p

1 Introduction

In the brains of Alzheimer’s disease (AD) patients, amyloid-f (AP) peptides are
generated through the sequential cleavage reactions on the amyloid precursor
protein by pB- and y-secretases. The AP peptides misfold and gradually aggregate to
form various toxic products in the brain. Thus, we hypothesized that regulation of
AP misfolding process would be an attractive approach to prevent or treat AD
(Wright 2006; Kim et al. 2015).

Since soluble oligomeric forms of Af are significantly more toxic to neurons and
synapses than fibrillar forms of AP (Haass and Selkoe 2007; Verma et al. 2015),
reducing toxic AP oligomers may prevent formation of Af-induced neurotoxic
environments in AD brains. Considering that clinically diagnosed AD patients
already have AP aggregates in their brains, reducing the exposure duration of brain
tissues to toxic oligomers through stimulation of fibrillogenesis may help prevent
further development of Af-dependent brain impairments. The stimulation of fibril-
logenesis of AP will speed up AP fibril formation from toxic oligomers, leading to
decreased concentration of toxic oligomers and decreased damage to the brain.

In our previous studies, we observed that taurine and taurine-like molecules
directly bound to AP peptides and rescued Alzheimer-like behaviors in rodent
models (Kim et al. 2010, 2014, 2015), suggesting a potential role of taurine in
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regulating AP fibrillogenesis. In this study, we designed a library of taurine-carbo-
hydrate derivatives to test how they modulate A} aggregation during the misfolding
progression. We screened for potential molecules that accelerated AP fibrillization
in vitro using thioflavin-T assay. We also confirmed that A injection into the intra-
cerebroventricular region of AD acute mouse model brain resulted in cognitive
dysfunction (Kim et al. 2016). In the thioflavin-T assay, 1-deoxy-1-(2-
sulfoethylamino)-D-fructose showed increased A fibril formation. In addition, the
cognitive function of the mice injected with an incubated sample of Af and
1-deoxy-1-(2-sulfoethylamino)-D-fructose showed a similar cognition level to that
of the control mice, whereas mice injected only with AP aggregates showed AD-like
abnormal behaviors. This can be explained by our hypothesis that plaques forma-
tion of Ap in the brain might be a possible defense mechanism to minimize the fatal
damages caused by toxic, soluble AP oligomers. Therefore, this study suggests that
promotion of less-toxic species in the brains such as plaques by increasing the rate
of aggregation of AP can be a powerful approach to reduce the Ap-dependent
impairments.

2 Methods

2.1 1InVitro Test for Ap Aggregation

AP peptides (42 amino acids) were synthesized and purified in house using solid-
phase peptide synthetic method (Choi et al. 2012). For thioflavin-T assay, Ap was
dissolved in DMSO at 5 mM. Each taurine derivative was dissolved in deionized
water to make 10 mM. Ap and taurine derivatives were mixed to make final concen-
tration of AP (50 pM) and taurine derivatives (100, 50, 25, 12.5, 6.25 and 3.12 pM).
The mixtures were seeded into a black 96-well plate and incubated at 37 °C. After
5 h of the incubation, thioflavin-T solution (5 pM) was added and incubated for
5 min then the fluorescent intensities were measured (excitation 450 nm/emission
485 nm) (Kim et al. 2010).

2.2 1InVivo Test Using AD Acute Mouse Model

All animal experiments were carried out in accordance with the National Institutes
of Health guide for the care and use of laboratory animals (8th edition) and the
Animal Institutional Animal Care and Use Committee of KIST (Seoul, Korea).

To make a 100 pM of AP and 1-deoxy-1-(2-sulfoethylamino)-D-fructose mix-
ture, 200 uM of AP (10% DMSO, 90% PBS) and 200 pM of 1-deoxy-1-(2-
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sulfoethylamino)-D-fructose were prepared. Mixture was incubated for a week at
37 °C to obtain AP aggregates.

Imprinting Control Region (ICR) mice (6-week-old) were purchased from
Orient Bio (Seoul, Korea) and habituated for 2 weeks (8-week-old). Prepared Af
aggregates with or without 1-deoxy-1-(2-sulfoethylamino)-D-fructose were
injected into the intracerebroventricular region of mice’s brains (5 pL) to obtain
Ap-induced AD acute mice (Kim et al. 2016). Four days after the injections, Y-maze
test was performed using a three identical arm maze with the symmetrical angles
between the each arm. The number of total arm choices and the sequences of arm
choices during 12-min exploration of each mouse was recorded, and then percent
alternation was calculated, reflecting the level of cognitive dysfunction (Kim et al.
2013, 2015).

2.3 Statistic Analysis

Statistical Graphs were obtained with the excel program and statistical analyses
were performed with Student’s #-tests (*P < 0.05, **P < 0.01, ***P < 0.001; other
comparisons were not significant). The error bars represent the sem.

3 Results

3.1 Taurine-Carbohydrate Derivative, 1-Deoxy-1-(2-
Sulfoethylamino)-D-Fructose, Increases Ap
Aggregation

To screen for molecules regulating AP aggregation, we performed thioflavin-T
assays and measured the level of mature B-sheet structure of AP aggregates. The
taurine-carbohydrate derivatives (50 pM) were incubated with A (50 pM), and we
screened using ThT assay for a molecule that accelerated AP aggregation. We found
that AP (50 pM) incubated with 50 pM of 1-deoxy-1-(2-sulfoethylamino)-D-
fructose (Fig. 1a) showed increased fluorescent intensity compared to the control
(AP without taurine-carbohydrate derivatives) (data not shown). We further con-
firmed the effect of 1-deoxy-1-(2-sulfoethylamino)-D-fructose on AP aggregation
in various concentrations of 3.125, 6.25, 12.5, 25, 50, and 100 pM. The levels of
thioflavin-T fluorescence were increased in a dose-dependent manner, suggesting
that 1-deoxy-1-(2-sulfoethylamino)-D-fructose accelerates the AP aggregation
(Fig. 1b).
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Fig. 1 1-Deoxy-1-(2-sulfoethylamino)-D-fructose increases the A fibril formation. (a) Structure
of 1-deoxy-1-(2-sulfoethylamino)-D-fructose. (b) AP peptides (50 pM) with 1-deoxy-1-(2-
sulfoethylamino)-D-fructose (3.125, 6.25, 12.5, 25, 50, and 100 pM) were incubated for 5 h and
their fluorescent intensities measured using thioflavin-T assay at 450/480 (ex/em) by EnSpire plate
reader (Perkin-Elmer). The error bars represent the sem (*P < 0.05, **P < 0.01, ***P < 0.001;
other comparisons were not significant). A Amyloid-p, Deo. 1-deoxy-1-(2-sulfoethylamino)-D-
fructose, a.u. arbitrary unit

3.2 Taurine-Carbohydrate Derivative, 1-Deoxy-1-(2-
Sulfoethylamino)-D-Fructose, Blocks the Cognitive
Impairment in Ap-Infused AD Mice

Since AP plaques are less toxic than oligomeric forms (Haass and Selkoe 2007),
acceleration of A fibrilization into plaques by 1-deoxy-1-(2-sulfoethylamino)-
D-fructose might lessen pathological symptoms in AD. To examine this hypoth-
esis, we acutely induced AD-like symptoms in mice by injecting oligomeric
forms of AP into the mouse brain. AP was incubated with or without
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Fig. 2 Incubated AB with 1-deoxy-1-(2-sulfoethylamino)-D-fructose injected mice showed the
normal cognitive function in Y-maze. (a) For AD acute mice preparation, Af was incubated for a
week with or without 1-deoxy-1-(2-sulfoethylamino)-D-fructose to obtain the aggregated forms.
Vehicle (10% DMSO, 90% PBS), Af aggregates, AP aggregates with 1-deoxy-1-(2-
sulfoethylamino)-D-fructose, and 1-deoxy-1-(2-sulfoethylamino)-D-fructose were injected into
the intracerebroventricular injection of ICR mice (8 weeks, male, n = 8 per group). (b) Y-maze tests
were performed to obtain percent alternation reflecting cognitive functions and (¢) total numbers
of arm entries during the test. The error bars represent the sem (*P < 0.05, **P <0.01, ***P <0.001;
other comparisons were not significant). /CV intracerebroventricle, Af Amyloid-p, Deo.
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1-deoxy-1-(2-sulfoethylamino)-D-fructose for a week to obtain aggregated forms
and injected into intracerebroventricular region of Imprinting Control Region
(ICR) mice (8-week-old, male, n = 8) (Fig. 2a). We conducted Y-maze behavioral
tests 4 days after the intracerebroventricular injection to assess spatial working
memory (Fig. 2b). While mice injected only with AP showed significant cognitive
impairment, mice injected with the mixture of AP and 1-deoxy-1-(2-
sulfoethylamino)-D-fructose did not display the behavioral deficits (Fig. 2c)
without alteration of total numbers of arm entries (Fig. 2d). These results imply
that 1-deoxy-1-(2-sulfoethylamino)-D-fructose prevented the Ap-induced cogni-
tive impairments in the A infusion model.

Considering both the thioflavin-T assay and the animal studies, we conclude that
rapid aggregation of AP by 1-deoxy-1-(2-sulfoethylamino)-D-fructose decreased
concentration of toxic species of AP and prevented cognitive deficits in acutely
induced AD mice.

4 Discussion

In normal human brains, AP concentration is maintained through homeostasis for
physiological functions. However, imbalance of the Ap homeostasis leads to mis-
folding of the peptide—formation of oligomers, fibrils, and plaques—resulting in
AD (Sadigh-Eteghad et al. 2015). Among the various misfolded A species, oligo-
meric forms induce neuotoxicity which can disturb long-term potentiation and
learning and memory (Shankar and Walsh 2009). Therefore, regulations of Ap fibril-
lization, production, and clearance have been targeted as a treatment strategy of AD.

Here we report that a taurine-carbohydrate derivative, 1-deoxy-1-(2-
sulfoethylamino)-D-fructose, accelerates the aggregation of A oligomeric forms into
mature fibrils. Faster aggregation of Ap by the addition of our taurine derivative removes
toxic oligomers that are highly correlated with cognitive deficits. This study supports
our hypothesis that alternative method of clearing A oligomers by stimulating fibril-
logenesis in the brain will be able to block the Ap-induced brain damages.

5 Conclusion

In summary, this study shows that 1-deoxy-1-(2-sulfoethylamino)-D-fructose
stimulated rapid aggregation of Ap into fibrils. Furthermore, AD mouse group
intracerebroventricularly injected with a mixture of AP and I-deoxy-1-(2-
sulfoethylamino)-D-fructose resulted in normal behavior. The stimulatory effect of
the taurine-carbohydrate, 1-deoxy-1-(2-sulfoethylamino)-D-fructose, on AP aggre-
gation provides a novel strategy for approaching AD treatment.
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Taurine Directly Binds to Oligomeric
Amyloid-f§ and Recovers Cognitive Deficits
in Alzheimer Model Mice

HoChung Jang, Sejin Lee, Sujin Lea Choi, Hye Yun Kim, Seungyeop Baek,
and YoungSoo Kim

Abstract Alzheimer’s disease (AD) is the most common cause of dementia leading
to severe cognitive decline. During the progression of AD, amyloid-f (Af) mono-
mers aggregate into neurotoxic soluble oligomeric A that causes cognitive impair-
ments. Our previous study indicates that oral supplementation of taurine at 1000 mg/
kg/day significantly ameliorates hippocampal-dependent cognitive deficits in
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APP/PS1 transgenic AD mouse model. However, AP plaques and oligomeric Ap lev-
els are not affected after administration of taurine and the oral dosage of taurine was
relatively high. Thus, in this study, we focused on direct correlation between taurine
and oligomeric AP, causing memory deficits in a lower oral dosage of taurine,
250 mg/kg/day. We induced AD-like cognitive impairments to adult normal mice and
orally administered taurine via drinking water for 10 days. We confirmed that taurine
administration improved cognitive deficits in oligomeric Ap-infusion mice in Y-maze
and passive avoidance tests without activity alteration of mice. In addition, we found
that taurine directly bound to oligomeric A in surface plasmon resonance analyses.
Our results propose that taurine can ameliorate cognitive impairment by directly
binding to oligomeric A in oral administration of 250 mg/kg/day for 10 days.

Keywords Alzheimer’s disease * Amyloid-f » Taurine * Dementia

1 Introduction

Taurine, which is a natural endogenous small molecule, is involved in many physi-
ological processes of human body, such as stabilization of protein, anti-inflammatory
pathway and calcium homeostasis (Schaffer et al. 1995; Huxtable 1992; Miao et al.
2012). Due to its remedial properties, taurine has been used to treat various disor-
ders, such as liver and heart failures (Matsuyama et al. 1983; Azuma et al. 1985).
Our previous study reports that oral administration of taurine recovers cognitive
deficits in the APPswe/PS1dE9 transgenic Alzheimer’s disease (AD) mouse model
(Kim et al. 2014). AD is a neurodegenerative disease characterized by aberrant
deposition of amyloid-f (Af) in the brain. A monomers aggregate into oligomeric
AP, which plays critical role in disruption of cognitive function (Ferreira et al.
2015). This transgenic AD mouse model overexpresses mutant human amyloid pre-
cursor protein (APP) and presenilin-1 (PS1) protein (Jankowsky et al. 2001). These
mutations, APPSwe and PS1dE9, are associated with abnormal production of Ap.
Although taurine administration improved AD-like cognitive decline, alteration of
AP levels was barely found. Considering that APP/PS1 transgenic AD mice exhibit
numbers of AD-like pathological phenotypes, such as gliosis as well as overproduc-
tion of various Ap aggregates and truncates (Kamphuis et al. 2012), it is not suitable
for investigating the clear correlation between taurine and oligomeric Af. Thus, in
this study, we utilized an acute AD mouse model to tackle the issue. To induce acute
AD-like cognitive deficits, we infused oligomeric AP into the lateral ventricle via
intracerebroventricular injection in cognitively normal mouse brain. (Kim et al.
2016). Given that cognitive function of this acute AD mouse model is affected by
direct injection oligomeric AP, it is possible to study the direct correlation between
taurine and oligomeric Ap. Taurine dissolved in drinking water was orally adminis-
tered to oligomeric Ap-infusion mice for 10 days. During administration of taurine,
Y-maze and passive avoidance tests were performed to assess cognitive functions of
oligomeric AP-infusion mice. In addition, we performed surface plasmon resonance
analysis to investigate molecular interactions between taurine and oligomeric Af.
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2 Methods

2.1 Materials

Dimethyl sulfoxide (DMSO) and taurine was purchased from Sigma-Aldrich (St.
Louis, Missouri, USA). Phosphate buffered saline (PBS) was purchased from Gibco
(Waltham, Massachusetts, USA). Deionized water was produced by Milli-Q plus
ultrapure water system from Millipore (Darmstadt, Germany). Microsyringe was
purchased from Hamilton company (Bonaduz, Switzerland).

2.2 Oligomeric Ap-Infusion Mouse Model and Oral
Administration of Taurine

All animal experiments were carried out in accordance with the National
Institutes of Health guide for the care and use of laboratory animals (8th edition)
and the Animal Institutional Animal Care and Use Committee of KIST (Seoul,
Korea).

C57Bl/6 mice (male, 6-week-old, n = 7) were purchased from Orient Bio Inc.
(Seoul, Korea). To obtain oligomeric Af, Ap42 (100 pM, 10% DMSO in PBS) was
incubated at 37 °C for 1 week. Then, 5 pL of oligomeric AP or vehicle (10% DMSO
in PBS) were injected into the lateral ventricle in the mouse brain via intracerebro-
ventricular (ICV) injection. AP42 was synthesized with an automated peptide syn-
thesizer (Choi et al. 2012). Oligomeric AP were injected on day O of the experiment,
and taurine was orally administered from day —3 to day 7 at 250 mg/kg/day. For
calculation of exact dosage of taurine, body weight and daily water consumption of
mice were measured. In addition, health alterations, such as hair loss and body
weight, were not observed.

2.3 Behavioral Test

Y-maze test. Y-maze test was used to evaluate spatial working memory of rodents.
Y-maze apparatus was made of black plastic with 3-arms (40 L x 10 W x 12 H cm).
The arms were arranged at 120° from each other. A mouse was placed at the end of
one arm and allowed to explore y-shaped arms for 12 min. A successful entry was
considered to occur when the whole tail of the mouse came within an arm. The
sequences of arm entries were recorded.

Passive avoidance test. The Passive avoidance test was performed to assess fear-
motivated hippocampal memory of rodents. The apparatus was composed of a dark
chamber, equipped with a foot shock generator, and a light chamber. In the acquisi-
tion phase, a mouse was placed in the bright compartment. After 20 s, the door
dividing the chambers was opened, and the mouse instinctually moved into the dark
compartment. When all four limbs came within the dark chamber, the mouse
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received an electric foot shock (0.2 mA, 1 sec, once). The next day, in the retention
phase, each mouse was again placed in the bright area. The latency time was manu-
ally recorded (cutoff 500 s).

2.4 Surface Plasmon Resonance Analysis

The surface plasmon resonance analysis was conducted using Biacore T200 instru-
ment and Series S carboxymethylated (CMS5) dextran matrix sensor chips (Richter
et al. 2010). HBS-EP* (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, and
0.05% surfactant P20) was used as a running buffer at 25 °C. oligomeric Ap (200 pg/
mL) was diluted with 10 mM sodium acetate solution (pH 4.0 and pH 5.5, respec-
tively) to make 40 pg/mL of oligomeric AP. Afterwards, oligomeric Af was cova-
lently immobilized on the chip surface by amine coupling reaction. The remaining
activated carboxymethyl groups on the surface were blocked by injection of 1 M
ethanolamine (pH 8.0). Immobilization value of oligomeric Ap was 9000 RU, and
theoretical Rmax of oligomeric Ap was 249.4 RU. Taurine was prepared in PBS-T
running buffer (10 mM phosphate, 135 mM NaCl, 27 mM KCl, and 0.005% surfac-
tant P20) as serial-diluted samples. For the binding and kinetics assay, Taurine was
injected for 120 s at a flow rate of 30 pL/min.

2.5 Statistic Analysis

Statistical significance analysis between control and experiment groups was per-
formed with Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001, n.s.: no signifi-
cance). The SEM values were indicated by error bars.

3 Results

3.1 Taurine Ameliorates Cognitive Deficits in Oligomeric
Ap-Infusion Mouse Model

In behavioral results from our previous study, we confirmed that taurine supplemen-
tation at 1000 mg/kg/day alleviates cognitive decline in APPswe/PSAE9 double
transgenic mice. However, this concentration of taurine is relatively high to develop
drug for AD patients. In order to verify therapeutic effect of taurine at a lower
dasage, we adjusted administration dosage of taurine at 250 mg/kg/day. We orally
administered taurine to oligomeric Ap-infusion group (male, 7-week-old, n = 7) for
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10 days. To investigate effects of taurine on cognitive decline caused by oligomeric
AP, we induced acute AD-like cognitive impairments to wild-type C57Bl/6 mice
(male, 7-week-old, n = 7) via intracerebroventricular injection.

To evaluate cognitive functions of vehicle and oligomeric AB-infusion mice, they
were subjected to behavioral tests, including Y-maze and passive avoidance tests.
Y-maze test was performed to assess the spatial working memory of rodent model.
During this experiment, mice were allowed to explore y-shaped arms. The sequences
of arm entries were recorded to calculate spontaneous alternation. We found that
oral administration of taurine at 250 mg/kg/day significantly improved the spatial
working memory of oligomeric AB-infusion mice (Fig. 1a) and that total arm entry
number indicating behavioral activity of mice did not differ from other mice groups
(Fig. 1b).

Following the completion of Y-maze test, we performed the passive avoidance
test to evaluate fear-motivated hippocampal memory. The passive avoidance test
was performed based on the instinctual preference of mice for dark conditions.
Greater response latency in the retention phase indicated better hippocampal mem-
ory. In this study, we confirmed that taurine significantly enhances hippocampal
memory in oligomeric Ap-infusion mice (Fig. 1c)

3.2 Taurine Directly Binds to Oligomeric Ap

Synaptic degeneration in the hippocampus and cortex is strongly correlated with
cognitive impairments (Huang and Mucke 2012; Selkoe 2002; Sheng et al. 2012).
Oligomeric AP induces memory loss by binding to mature synapses and inhibiting
synaptic function (Lacor et al. 2004). Thus, we hypothesized that by directly binding
to oligomeric A, taurine may inhibit the synaptotoxicity of oligomeric Ap. To exam-
ine molecular interactions between taurine and oligomeric Af, we carried out the
surface plasmon resonance (SPR) analysis. Initially, oligomeric Ap were immobi-
lized on a CMS sensor chip through the amine coupling reaction. Then, taurine was
injected into the flow cell of Biacore T200 system at various concentrations (from 0.3
to 19.2 nM). In this analysis, we found that taurine directly binds to oligomeric Ap
with dose-dependent manner (Fig. 2a, b). This result suggests that taurine inhibits
oligomeric Ap-induced memory deficits by direct interacting with oligomeric Ap.

Taken together, in behavioral studies, we confirmed that taurine supplementation
at 250 mg/kg/day improves cognitive deficits in oligomeric Ap-infusion mouse to a
similar extent as the previously determined concentration of 1000 mg/kg/day. In
addition, we found that taurine directly binds to oligomeric AP. Given that oligo-
meric A induce cognitive impairment by binding to selective receptors in neuronal
synapses, enhancement of learning and memory in oligomeric Af-infusion mouse
model suggests that taurine may prevent memory deficits by direct binding to oligo-
meric AP.
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Fig. 1 Amelioration of cognitive impairments in oligomeric Ap-infusion mouse model after tau-
rine supplementation. Vehicle group and age-matched oligomeric Ap-infusion group were orally
administered water or taurine (250 mg/kg/day) for 10 days. (a, b) Y-maze test on vehicle and
oligomeric Af-infusion mice. Average spontaneous alternation (%) of each group (a) and total arm
entry number (b). (c¢) Passive avoidance test. Average response latency time for each group of
mice. Error bars represent the SEM. (*P < 0.05, **P < 0.01, ***P < 0.001, other comparisons were
not significant.) 0Ap, oligomeric Ap

4 Discussion

Here we report that (1) oral administration of taurine improves oligomeric
Ap-induced AD-like cognitive deficits in oligomeric Af-infusion mouse model, (2)
taurine directly interacts with oligomeric A, and (3) lowering the oral administra-
tion dosage, 250 mg/kg/day, and shortening the uptake duration, 10 days, of taurine
is effective to prevent Alzheimer-like cognitive behaviors in mice.

In this study, we confirmed that taurine binds to oligomeric Ap by using surface
plasmon resonance analysis. These results follow our previous observation that
taurine-like chemicals directly binds to AP and supports our hypothesis that taurine
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may interact with oligomeric Ap. Thus, we propose that taurine can alleviate cog-
nitive decline in oligomeric Af-infusion mouse model by direct binding to oligo-
meric AB. However, further studies are required to understand how taurine interacts
with AP oligomers, as we only confirmed the ability of taurine to binds to
oligomeric Ap.

Our current study shows that taurine induces therapeutic effects at a lower dos-
age than previously studied. Therefore, these findings increase therapeutic potential
of taurine as a drug to ameliorate cognitive deficits in AD patients. Furthermore, our
findings about the molecular interactions between taurine and oligomeric Af may
lead to further elucidation of the mechanisms underlying taurine mediated cognitive
improvement.
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S Conclusion

Our current study suggests that oral administration of taurine at 250 mg/kg/day
ameliorates cognitive impairment by directly binding to oligomeric Ap.
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Neuroprotective Effect of Taurine-Rich
Cuttlefish (Sepia officinalis) Extract Against
Hydrogen Peroxide-Induced Oxidative Stress
in SH-SYSY Cells
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Woen-Bin Shin, Xin Dong, Weligala Pahalagedara Amila Srilal Nawarathna,
Sang-Ho Moon, Byong-Tae Jeon, and Pyo-Jam Park

Abstract Oxidative stress mediates the cell damage in several neurodegenerative
diseases, some of which are Alzheimer’s disease (AD), multiple sclerosis and
Parkinson’s disease (PD). In this study, we investigated whether the taurine-rich
cuttlefish extract could exert a protective effect on damaged human neuroblastoma
SH-SYSY cells induced by hydrogen peroxide (H,O,). Our results revealed that pre-
treatment with cuttlefish extract effectively increased the cell viability by protecting
the cells from intracellular reactive oxygen species (ROS) induced by H,O, expo-
sure. Furthermore, apoptosis related proteins Bcl-2 and Bax were investigated by
western-blot analysis and results indicated that cuttlefish extract promoted the
expression of anti-apoptotic Bcl-2 protein while inhibiting the expression of pro-
apoptotic Bax protein. Therefore, cuttlefish extract containing the ability of scav-
enging excessive ROS, the capacity of anti-oxidative stress, could be employed in
neurodegenerative disease prevention. In conclusion, the results suggest that
cuttlefish extract could be used as a potential candidate for preventing several human
neurodegenerative and other disorders caused by oxidative stress.

Keywords Neuroprotective effect ¢ Cuttlefish e SH-SYS5Y Cells

$Authors Yon-Suk Kim and Eun-Kyung Kim are contributed equally to this work.

Y.-S. Kim ¢ J.-W. Hwang ¢ W.-B. Shin * X. Dong * W.P.A.S. Nawarathna ¢ P.-J. Park (I)
Department of Biotechnology, Konkuk University, Chungju 27478, South Korea
e-mail: parkpj @kku.ac.kr

E.-K. Kim
Division of Food Bio Science, Konkuk University, Chungju 27478, South Korea
J.-S. Kim

Division of Marine Bioscience, Institute of Marine Industry, Gyeongsang National University,
Tongyeong 53064, South Korea

S.-H. Moon ¢ B.-T. Jeon
Korea Nokyong Research Center, Konkuk University, Chungju 27478, South Korea

© Springer Science+Business Media B.V. 2017 243
D.-H. Lee et al. (eds.), Taurine 10, Advances in Experimental Medicine
and Biology 975, DOI 10.1007/978-94-024-1079-2_22


mailto:parkpj@kku.ac.kr

244 Y.-S. Kim et al.

1 Introduction

Oxidative stress is considered as one of the most significant candidates for the devel-
opment of many kinds of diseases in humans (Ke¢dziora-Kornatowska et al. 2010;
Davies 1995; Matés et al. 2012). Since a long time, cell injury caused by oxidative
stress through apoptosis or necrosis has been regarded as the main reason for neuro-
degenerative diseases such as Alzheimer’s and Parkinson’s disease (Bhat et al. 2015:
Yang et al. 2013). Therefore, antioxidants extracted from natural sources (fruits,
vegetables or mushrooms) might be a possible strategy that could reduce the disease
progression by proving neuroprotective effects through the scavenging of ROS and
maintain a low cell oxidative stress (Haleagrahara et al. 2011; Hu et al. 2014).

Taurine is an organic compound, f-amino acid and it is distributed in high concen-
trations in mammalian tissues. A number of cytoprotective attributes are shown by this
organic compound, taurine via its many roles such as a neurotransmitter, osmoregula-
tor, neuromodulator, anti-oxidant, membrane stabilizer, anti-inflammation agent and
neuroprotective agent (EI Idrissi 2008; Schuller-Levis and Park 2004; Haas and Hosli
1973; Hussy et al. 1997). In recent years, many in vitro and in vivo brain injury model
studies have been revealed that taurine has a neuroprotective activity (Zhu et al. 2016).

Common cuttlefish (Sepia officinalis) belongs to the class cephalopod and the
genus Sepia. It is native to the Mediterranean Sea, the North Sea and Baltic Sea and
distributed in some other parts of the world too. It is a rich source of taurine (Hmidet
et al. 2011). However, many researchers have focused their studies on studying the
functional activity of cuttlebone and muscle of S. officinalis.

In this study, we investigated the neuroprotective effect of taurine-rich cuttlefish
extract against H,O,-induced oxidative stress in SH-SYSY cells.

2 Materials and Methods

2.1 Reagent

Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were pur-
chased from Gibco Industries Inc. (Grand Island, NY, USA). 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazoliumbromide (MTT), N-acetyl-L-cysteine (NAC), and dichlorodihy-
drofluorescein diacetate (DCFH-DA) were purchased from Sigma-Aldrich (Missouri,
USA). All other chemicals and reagents used in the experiments were of analytical grade.

2.2 Preparation of S. officinalis Extract (SOE)

In order to obtain the maximum yield of SOE, 100 g of S. officinalis was cut into
small pieces and extracted with 1 L of distilled water at 95 °C for 1 h. Next, the
water extract of S. officinalis was filtered through a Whatman No. 41 filter paper and
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the resulted filtrate was evaporated on a rotary vacuum evaporator. Finally, the evap-
orated filtrate was lyophilized to obtain SOE in powder form.

2.3 Analysis of Chemical Composition Including
Determination of Amino Acid Composition

Crude protein, crude fat (ether extract) and total ash content of SOE were determined
according to the Association of Official Analytical Chemists (AOAC 1990) methods.
Amino acid composition was analyzed using following steps. First, SOE was mixed
with 10 mL of 6 N HCI. After that, the HCI acid mixed samples in the test tubes were
purged with N, gas and then the samples were hydrolyzed in a dry oven at 110 °C for
24 h. The hydrolyzed samples were then evaporated and added with sodium-distilled
buffer (pH 2.2). Next, samples were filtered through a syringe filter (0.45 pm) and
analyzed for amino acid composition by measuring the absorbance at 440 and
570 nm.

2.4 Cell Culture

The human neuroblastoma SH-SYSY cell line was obtained from the
American Type Culture Collection (ATCC, CRL-2266™). It was cultured in
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum
(FBS), 100 U/mL penicillin and 100 mg/mL streptomycin at 37 °C in a 5%
CO, incubator.

2.5 Measurement of Cell Viability Using MTT Assay

The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT)
assay was used to determine the cell viability. SH-SYS5Y cells (1 x 10* cells/well)
seeded in 96-well plates were treated with SOE and incubated for 24 h. After that,
treated cells were again incubated with MTT solution at 37 °C for 3 h. For the
demonstration of the potential protective effect of SOE, cells were pre-treated with
SOE 1 h prior to H,O, (150 pM) exposure for 24 h. After completion of H,0,
induction, MTT solution was added to each well and cells were further incubated
at 37 °C for 3 h. The resulted formazan crystals were dissolved in DMSO and the
absorbance at 540 nm was measured using a microplate reader (Thermo Scientific
Multiskan GO, Thermo Fisher Scientific) to determine the cell viability. The cell
viability of each sample was expressed as a percentage of untreated control
cultures.



246 Y.-S. Kim et al.
2.6 Determination of Morphological Changes

SH-SYS5Y cells plated at a density of 2 x 103 cells per well in 6-well plates were
pre-treated with SOE 1 h prior to H,O, (150 pM) exposure for 24 h. Then, cells
were observed under a phase-contrast microscope (Nikon, Japan) and 200x magni-
fied images were recorded for close monitoring of morphological changes in the
cells.

2.7 Measurement of Intracellular ROS Production

SH-SYS5Y cells plated at a density of 2 x 10° cells per well in six well plates were
incubated at 37 °C for 24 h. After the initial incubation period, cells were pretreated
with SOE for 1 h before cells were exposed to H,O, (200 pM) treatment. Intracellular
ROS production was measured with the help of fluorescence probe DCFH-DA accord-
ing to a previous demonstration (Hu et al. 2011). After 30 min of H,0, exposure, cells
were incubated with DCFH-DA (10 pM) fluorescence probe at 37 °C for 30 min under
dark environment. After incubation, the cells were washed with PBS and the fluores-
cence was measured using a spectrofluorometer (SpectraMax M2/M2e; Molecular
Devices).

2.8 Western Blot Analysis

After treatments, proteins were extracted and quantified using Bradford assay.
Then the samples containing 25 mg of protein were subjected to SDS-
polyacrylamide gel electrophoresis and separated proteins were transferred onto
polyvinyldifluoride (PVDF) membranes. Then the membranes were blocked by
non-fat dry milk (5% w/v) in TBST for 1 h at room temperature. Next, the mem-
branes were incubated with specific primary antibodies at 4 °C overnight. After
washing with TBST, the membranes were incubated again with the species appro-
priate HRP-conjugated secondary anti-bodies at room temperature for another 1 h.
Finally, the blots were developed using ECL chemiluminescence detection reagent
and they were visualised using a charge-coupled device system (LAS-3000; Tokyo,
Japan).

2.9 Statistical Analysis

GraphPad Prism 5.0 was employed for statistical analysis of the data. Resulted val-
ues were analyzed statistically by using one way ANOVA, followed by Dunnett’s
tests. Each data was expressed as the mean + SD. Significant level; P < 0.05 was set
to consider statistically significances in values.
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3 Results
3.1 Chemical Composition of SOE

The chemical composition of S. officinalis extract is given in Table 1. The percent-
ages (w/w) of dry matter, crude protein, crude lipids, crude carbohydrates, and ash
were 96.0%, 71.1%, 1.05%, 2.75% and 29.7%, respectively. Crude proteins were
the most abundant compound available in the SOE.

3.2  Amino Acid Composition of SOE

The amino acid composition of S. officinalis extract is given in Table 2. According
to the outcomes, the total amino acid concentration was 1352 pg/mL. Taurine,
Arginine, and Glutamic amino acids were the major free amino acids available in

Table 1 Chemical Chemical
composition of S. officinalis composition SOE
extract (%, dry matter basis) Dry matter 96.0 = 0.16
Crude proteins 71.1 £0.48
Crude lipids 1.05+0.23
Crude carbohydrates | 2.75 + 0.08
Ash 29.7 £0.52
Table 2 Amino acid Amino acid composition | SOE
composition of S. officinalis Taurine 460.56
extract (pg/mL) P
Aspartic acid 37.46
Glutamic acid 98.93
Proline 41.51
Glycine 31.29
Alanine 69.55
Valine 41.60
Cysteine 13.36
Methionine 36.13
Isoleucine 34.50
Leucine 74.15
Tyrosine 49.20
Lysine 65.57
Histidine 13.69
Arginine 167.14
Serine 40.29
Phenylalanine 44.17
Threonine 32.90
Total 1352
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S. officinalis extract. Most importantly, the taurine concentration was considerably
high, even higher among other major free amino acids in S. officinalis extract,
resulting 460.56 pg/mL.

3.3 Effect of SOE on Cell Viability

The effect of SOE on SH-SYSY cell viability was assessed via MTT assay.
SH-SYS5Y cells were treated with SOE at different concentrations in between 0 and
0.2 mg/mL. After incubation for 24 h, the cell viability was determined and results
were compared with control groups (0 pg/mL). SOE treated groups showed
increased levels of cell viability in a dose-dependent manner (Fig. 1).

3.4 Protective Effect of SOE Against H,0,-Induced Oxidative
Stress

To investigate the neuroprotective feature of SOE, cell viability was determined via
MTT assay after secondary H,O, treatment accompanied with SOE initial treatment
on SH-SYSY cells. As shown in Fig. 2, H,O, (150 uM) treatment reduced the cell
viability down to approximately 60%, but the SOE treatment could recover the
damage and moreover it increased the cell viability in a dose-dependent manner.
The significantly (p < 0.01) increased cell viability against H,O,-induced cell dam-
age suggests that SOE possesses a protective effect for the oxidative stressed
SH-SYSY cells.

160
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S 100+
Fig. 1 The effect of 2
S. officinalis extract on cell 2> 804
viability. SH-SYS5Y cells 3
were incubated with -‘5 60 -
different concentrations of 3
SOE for 24 h. Cell © 40
viability was then
evaluated by the MTT 20
assay. Data are presented
as the mean = SD (n = 3). 04
' < 0.001 compared to Control ~ 0.025 0.05

control group SOE (mg/mL)
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Fig. 2 Protective effect of S. officinalis extract on H,O,-induced oxidative stress cells. SH-SY5Y
cells were pre-treated with different concentrations of SOE for 1 h before treatment of 150 pM
H,0, for 24 h. Cell viability was measured by the MTT assay. Data are presented as the mean + SD
(n=3)."p <0.01 compared with H,0, group, *p < 0.001 compared with control group

3.5 Effect of SOE on Inhibition of Intracellular ROS

As shown in Fig. 3, when the cells were induced by H,O, without SOE treat-
ment, the fluorescence intensity increased significantly and when the cells were
treated with SOE, the fluorescence intensity of cells decreased greatly. As the
positive control, N-acetyl-L-cysteine (NAC) showed a strong inhibition of intra-
cellular ROS production. The results suggest that SOE’s protective effect on
cells damage caused by H,0, is associated with its inhibitory effect on ROS
production.

3.6 Effect of SOE on Cellular Morphology

Cell morphology and growth were observed by using an inverted microscope. As
shown in Fig. 4, adherent cells were grown well in dispersed manner and cell shapes
were sharp and long. When cells were damaged by H,O,, it was found that adherent
cells were deteriorated with cell aggregation and they became round in shape.
However, administration of SOE exhibited significant improvement towards the
healthy morphology.
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Fig. 3 Inhibitory effect of SOE on intracellular ROS production in H,O,-induced oxidative stress
SH-SYS5Y cells. SH-SY5Y cells were pre-treated with various concentrations of SOE for 1 h
before treatment with 200 pM H,O, for 30 min. ROS production was measured using a spectro-
fluometer. Data are given as the mean + SD (n = 3). “p < 0.01 compared with H,O, group,
#p < 0.001 compared with control group

Fig. 4 Effect of SOE on cell morphology of H,0,-induced oxidative stress SH-SYS5Y cells
(a) Control, (b) H,O, (150 pM), (¢) 0.05 mg/mL of SOE + H,0,, (d) 0.1 mg/mL of SOE + H,0,,
(e) 0.2 mg/mL of SOE + H,0,, (f) 5 mM of NAC + H,0,
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3.7 Effect of SOE on the Expression of Bcl-2 and Bax

As shown in Fig. 5a, SOE significantly suppressed the expression level of pro-
apoptotic Bax protein and it increased the expression level of the anti-apoptotic
Bcl-2 protein. The present results reveal that SOE shows a significant protective
effect against H,O,-induced cell damage in SH-SYS5Y cells.

a
Bo-2 | e —— — e ——
Bax
B-actin
SOE (mg/mL) - - 0.05 0.1 0.2 -
NAC (5 mM) - — _ — _ +
H,0, (150 pM) - + + + + +
b 16
14 i
1.2 1 *
ie]
g 1
[a\]
- * %
S 081 *x
X
©
D 0.6
*kk
0.4 1
0.2 1
0 A
SOE (mg/mL) - - 0.05 0.1 0.2 -
NAC (5 mM) - - - - -
H,0, (150 uM) - + + + +

Fig.5 Effect of SOE on the protein expression level of Bax/Bcl-2. Expression levels of Bax, Bcl-2
and B-actin were analyzed by using Western blot analysis. "p < 0.05, “p < 0.01, and *"p < 0.001
compared with H,O, group, #p < 0.001 compared with control group
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4 Discussion

Reactive oxygen species (ROS) which include hydrogen peroxide, hydroxyl radi-
cals, superoxide anions and single oxygen possess a highly reactive chemical nature.
Mostly, they are generated in mitochondrial electron pathway during normal cellu-
lar respiration. In addition, ROS are generated in metabolic processes and under
various stress conditions (Finkel and Holbrook 2000; Vallet et al. 2005).

ROS are highly short-lived species and this nature of ROS can result in substantial
damage to lipids, proteins, and DNA in cellular systems. Excessive ROS generation
leads to break the balance between their production and elimination and this loss of
homeostasis of ROS level is called as oxidative stress. Oxidative stress is an important
condition which can damage the cell and promote the development of a variety of dis-
eases such as cancer, hyperlipidemia, neurodegenerative diseases, etc. (Hopps et al.
2010; Li et al. 2016). Therefore, ROS scavenging ability is utmost important for protect-
ing the cells against oxidative stress damage. Thus, antioxidative defence mechanisms
are vital importance for fighting against ROS toxicity. The human body has antioxida-
tive defence mechanisms through a family of antioxidant/detoxification enzymes which
enhance cellular ROS-scavenging capacity and stimulation of this system is a key way
to reduce oxidative damage (Malik and Storey 2009; Seifried et al. 2007).

The oxidative stress could result in many adverse cellular damages including
oxidation of unsaturated fatty acid, proteins and damage to mtDNA which leads to
morphological and functional abnormalities in mitochondria (Xu et al. 2015).
Mitochondrial damage could worsen the cellular damage further by increasing ROS
production and accelerating oxidative stress. Oxidative stress is found to play an
important role in the pathogenesis of Parkinson’s disease (PD) (Qin et al. 2011).

Taurine is considered as a semi-essential amino acid even though it is unable to
make peptide bonds and it is involved in many physiological functions, including
osmoregulation, membrane stabilization, cytoprotective effects, antioxidant activ-
ity, anti-inflammatory action, modulation of intracellular calcium concentration and
ion channel function (De Luca et al. 2015; Oja and Saransaari 2007). Han et al.
(2016) reported that taurine exhibited a protective effect against N-methyl-D-
aspartate (NMDA)-induced neurone death.

Our present study suggested that taurine-rich SOE exerts neuroprotection against
H,0,-induced oxidative stress in SH-SY5Y cells and it is accompanied with the
reduction of Bax/Bcl-2 level and suppression of the production of intracellular reac-
tive oxygen species (ROS).

5 Conclusion

This study reveals that the SOE is a rich source of taurine, and its neuroprotective
effect on SH-SYSY cells. Also, SOE markedly decreases the H,0O,-induced neuro-
nal apoptosis. This study outlines that the SOE significantly suppresses the
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expression of pro-apoptotic Bax protein and increases the expression of the anti-
apoptotic Bcl-2 protein leading to prevent apoptosis. Inhibition of ROS production
possibly resulted in the neuroprotection of SOE against oxidative. Certainly, further
investigations are required to investigate the more precise neuroprotective mecha-
nisms of SOE.
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