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Abstract Taurine (Tau) regulates B-cell function and glu-
cose homeostasis under normal and diabetic conditions.
Here, we assessed the effects of Tau supplementation upon
glucose homeostasis and the morphophysiology of endo-
crine pancreas, in leptin-deficient obese (ob) mice. From
weaning until 90-day-old, C57B1/6 and ob mice received,
or not, 5 % Tau in drinking water (C, CT, ob and obT).
Obese mice were hyperglycemic, glucose intolerant, insu-
lin resistant, and exhibited higher hepatic glucose output.
Tau supplementation did not prevent obesity, but ame-
liorated glucose homeostasis in obT. Islets from ob mice
presented a higher glucose-induced intracellular Ca*"
influx, NAD(P)H production and insulin release. Further-
more, a-cells from ob islets displayed a higher oscillatory
Ca®" profile at low glucose concentrations, in association
with glucagon hypersecretion. In Tau-supplemented ob
mice, insulin and glucagon secretion was attenuated, while
Ca’* influx tended to be normalized in B-cells and Ca’**
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oscillations were increased in a-cells. Tau normalized
the inhibitory action of somatostatin (SST) upon insulin
release in the obT group. In these islets, expression of the
glucagon, GLUT-2 and TRPMS genes was also restored.
Tau also enhanced MafA, Ngn3 and NeuroD mRNA levels
in obT islets. Morphometric analysis demonstrated that the
hypertrophy of ob islets tends to be normalized by Tau with
reductions in islet and B-cell masses, but enhanced d-cell
mass in obT. Our results indicate that Tau improves glucose
homeostasis, regulating B-, a-, and d-cell morphophysiol-
ogy in ob mice, indicating that Tau may be a potential ther-
apeutic tool for the preservation of endocrine pancreatic
function in obesity and diabetes.

Keywords Glucagon secretion - Insulin secretion -
Obesity - Somatostatin - Taurine supplementation

Introduction

Obesity is a chronic metabolic disorder that predisposes to
the development of insulin resistance and type 2 diabetes
(T2D) (Kahn et al. 2006). Pancreatic islets are heteroge-
neous cell aggregates that contain p, o, 8, € and pancreatic
polypeptide (PP) cells (Cabrera et al. 2006). Pancreatic
B and d-cells release insulin and somatostatin (SST),
respectively, in response to an increase in blood glucose
(Hellman et al. 2009; Hauge-Evans et al. 2012). How-
ever, a-cells secrete glucagon when glycemia decreases,
preventing the hypoglycemia that can occur in the fasting
state (Quesada et al. 2008). Although, the establishment
of T2D is often associated with B-cell dysfunction, in par-
allel with the lower insulin action (Cerf 2013), impair-
ments in o and 3-cell functions also contribute to glucose
homeostasis disruption in this disease (Hauge-Evans et al.
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2009; Walker et al. 2011; Unger and Orci 2010). Among
the situations in which B, a and 3-cell dysfunction may
manifest (Walker et al. 2011; Cerf 2013), disruption of the
paracrine interactions between insulin, SST and glucagon
within the islet can seriously compromise absolute and
pulsatile islet secretory function, impairing glucose home-
ostasis (Quesada et al. 2008; Hellman 2009; Unger and
Orci 2010).

Taurine (Tau) is an amino acid involved in several
biological processes (Ripps and Shen 2012). Tau supple-
mentation prevents the development of obesity (Tsuboy-
ama-Kasaoka et al. 2006; Nardelli et al. 2011) and ame-
liorates glycemia, the action of insulin, and dyslipidemia
in T2D (Tsuboyama-Kasaoka et al. 2006; Nardelli et al.
2011; Kim et al. 2012; Batista et al. 2013). Tau regu-
lates insulin secretion, improving islet Ca>* handling, in
response to high glucose concentrations (Carneiro et al.
2009; Ribeiro et al. 2009). In diet-induced obesity, Tau
treatment prevents hyperinsulinemia (Ribeiro et al. 2012;
Batista et al. 2013; Vettorazzi et al. 2014), insulin hyper-
secretion and islet hypertrophy (Ribeiro et al. 2012).
However, in pancreatic islets, Tau is concentrated mainly
in the o and 8-cells (Bustamante et al. 2001), which indi-
cates that this amino acid may also regulate glucagon
secretion. Here, using leptin-deficient obese (ob) mice
that display morbid obesity (Lindstrom 2010), insu-
lin resistance, and insulin hypersecretion (Tomita et al.
1992; Chen et al. 1993), we assessed the effects of Tau
supplementation upon obesity, glucose homeostasis, and
islet-cell morphophysiology. Tau treatment prevented
insulin and glucagon hypersecretion, and ameliorated
B-cell responsiveness to SST in ob islets. Additionally,
Tau decreased islet hypertrophy, increased 3-cell mass,
regulated Ca’>" handling in B and a-cells, and modified
the expression of transcription factors and genes that par-
ticipate in islet morphofunction.

Materials and methods
Experimental groups

All experimental procedures were developed in accord-
ance with the ethics committee in animal experimenta-
tion, UNICAMP (certificate no.: 2018-1). From weaning to
90 days of age, male C57Bl/6 (C group) or leptin-deficient
obese (ob) mice were distributed into four groups: C; C
that received 5 % Tau (Ribeiro et al. 2012) in their drink-
ing water (CT); ob or obT. All mice groups were main-
tained on a 12 h light-dark cycle (lights 8:00-20:00 h)
with controlled humidity and temperature (21 £ 2 °C), and
allowed free access to standard laboratory chow (Nutrilab,
Colombo, PR, BRA) and water.
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Obesity evaluation and biochemical nutritional
parameters

At the end of the supplementation period, the final body
weight (BW) and nasoanal length were measured in all
mice groups to obtain the Lee index [from the ratio of
BW(g)1/3/nasoanal length (cm) x 1000] (Bernardis and
Patterson 1968). Afterwards, mice were euthanized and the
retroperitoneal and perigonadal fat pads were collected and
weighed. Blood samples were collected and the plasma was
used for insulin and glucagon measurement by radioimmu-
noassay (RIA) (Ribeiro et al. 2010). Plasma glucose con-
centrations were measured using a glucose analyzer (Accu-
Chek Perfoma, Roche Diagnostic, Switzerland). Total
cholesterol (CHOL), triglycerides (TG) and non-esterified
fatty acids (NEFAs) levels were measured using standard
commercial kits, according to the manufacturer’s instruc-
tions (Roche/Hitachi®; Indianapolis, USA, and Wako®;
Richmond, USA, respectively).

Tau plasma levels

The free amino acids in the plasma were measured using
pre-column derivatization with phenyl isothiocyanate
(Sigma P1034). The chromatography was developed with
a mobile phase gradient of acetonitrile, water based buffer
solution and the basic sodium acetate and water, at 42 °C
(flow 1 mL). Separation was performed on C18 reverse
phase column 3.9 x 300 mm (Pico-tag for free amino acid
analysis, Waters, Ireland) and detected at 254 nm. A vol-
ume of 50 pL of internal standard solution (methionine sul-
phone—S0065 Synth-r) was added to 50 pL of each plasma
sample. The supernatant was filtered through molecular fil-
ter (Sartorius Stedim Biotech, Goettingen, Germany) with a
cut-off of 3 kDa and centrifuged at 15,000g for 45 min. The
volume of 40 pL of each sample was derivatized and sus-
pended in 500 pL diluent. Twenty microliters were injected
into the liquid chromatograph (HPLC system/SCL-10AVP,
Shimadzu Scientific Instruments, Columbia, MD, USA).
The results were analyzed by the software Class VP ver-
sion 5:43 (Shimadzu). An amino acid standard solution was
derivatized and analyzed together with the samples (cat.
A6407 and A6282, respectively; Sigma, Aldrich, St Louis,
MO, USA).

Intraperitoneal glucose (ipGTT), insulin (ipITT)
and glucagon (ipGluTT) tolerance tests

For ipGTT, 8 h-fasted mice received an ip injection of 2 g/
kg BW glucose. Blood samples from the tip of the tail
were collected before (time 0) and at 15, 30, 60, 120 and
180 min after glucose administration for glycemia meas-
urement using a glucose analyzer (Accu-Chek Performa,



Taurine supplementation ameliorates glucose homeostasis...

1535

Roche Diagnostic®, Switzerland). For the ipITT, fed ob and
obT mice received an ip injection of 10 U/kg BW human
insulin; however for the C and CT groups, 2 U/kg BW
human insulin were administered (Humulin® R, Lilly’s,
Sd@o Paulo, SP, BRA). Blood samples were also collected
before insulin injection (time 0) and 10, 15, 30 and 60 min
after insulin administration for plasma glucose concentra-
tion analysis. For the ipGIuTT, blood glucose levels (time
0) were measured in 8 h-fasted mice. Subsequently, all
mice groups received via ip an injection of 100 pg/kg BW
glucagon, and additional blood samples were collected at 5,
10, 20, 40 and 60 min (Batista et al. 2013).

Islet isolation, static insulin and glucagon secretion

Islets were isolated by collagenase digestion of the pan-
creas. For insulin and glucagon static secretion experi-
ments, groups of four or fifteen islets, respectively, were
incubated for 30 min at 37 °C in Krebs—Ringer bicarbo-
nate (KRB) buffer containing 115 mM NaCl, 5 mM KCl,
10 mM NaHCO;, 2.56 mM CaCl,, 1 mM MgCl, and
15 mM HEPES, supplemented with 5.6 mM glucose plus
0.3 % BSA (Sigma Chemical, St Louis, MO, USA), pH
7.4 and continuously gassed with 95 % O,/5 % CO,. This
medium was then replaced with fresh buffer and the islets
were incubated for further 1 h with different glucose con-
centrations or 2.8 mM glucose in combination or not with
10 nM SST for insulin release evaluation. For glucagon
secretion assessment, the islets were incubated with 5.6 and
0.5 mM glucose. At the end of the incubation period, the
insulin content of the medium was measured using human
insulin radiolabeled with '®I (Genesis, Sdo Paulo, SP,
BRA) by RIA, as previously reported (Ribeiro et al. 2010).
Glucagon was measured following the manufacturer’s
instructions by RIA kit (Merck, Millipore, Darmstadt, Ger-
many). For islet insulin or glucagon content, groups of 4
or 15 islets, respectively, were collected and transferred to
tubes containing 1 mL deionized water, and the islet-cells
were homogenized using a ultrasonic homogenizer (Brink-
mann Instruments, Westbury, NY, USA).

Cytoplasmic Ca*" oscillation measurement
by fluorescence or confocal microscopy

For intracellular Ca’>" concentration ([Ca>*]i) recordings,
islets were incubated in KRB medium containing 5.6 mM
glucose at 37 °C for 2 h. During the last hour of incubation,
islets were loaded with 5 uM of the Ca’*-sensitive dye
Fura-2 acetoxymethylesther (AM). Afterwards, single islets
were placed inside a thermostatically-regulated chamber
(37 °C) over poly-L-lysine-treated glass coverslips and per-
fused with a BSA-free KRB buffer containing 11.1 mM
glucose as indicated in the figure legends. Fura-2AM

loaded islets were imaged using an inverted epifluores-
cence microscope (Nikon Eclipse TE200, Tokyo, Japan). A
ratio image was acquired every 3 s with a Cool One camera
(Photon Technology International, NJ, USA) using a dual
filter wheel equipped with 340, 380 and 10 nm bandpass
filters, and a range of neutral density filters (Photon Tech-
nology International, NJ, USA). Data were acquired using
the Image Master version 5.0 software (Photon Technology
International, NJ, USA) (Carneiro et al. 2009).

For Ca** oscillation recordings in a-cells, isolated islets
were incubated with 5 uM Fluo-4 for 1 h at room tem-
perature. Islets were placed in a chamber mounted on the
microscope stage and perfused with a KRB medium con-
taining 0.5 or 5.6 mM glucose. Low glucose concentrations
induce regular Ca>* oscillations in a-cells that are inhibited
by high glucose concentrations (Nadal et al. 1999; Quesada
et al. 2006). This typical pattern has been used to identify
a-cells within the islet. To analyze these Ca*t oscillations,
individual cells identified at the periphery of the freshly
isolated islets were monitored using a Zeiss LSM 510 laser
confocal microscope (Zeiss, Oberkochen, Germany). The
Ca*" probe was excited at 488 nm and emission was col-
lected with a band-pass filter at 505-530 nm from an opti-
cal section of 8 pum. Images were collected at 2 s intervals
and treated with a low pass filter (Nadal et al. 1999; Que-
sada et al. 2006).

Measurement of NAD(P)H and mitochondrial
membrane potential (A{ym)

The autofluorescence for NAD(P)H and the Aym were
monitored in freshly isolated islets from all groups of
mice, in response to increasing glucose concentrations
(0.5-22.2 mM glucose), using an inverted epifluorescence
microscope (Axiovert 200; Zeiss, Jena, Germany). Images
were acquired with an extended C4742-95 digital camera
(Hamamatsu Photonics, Barcelona, Spain) using 10-nm
band-pass filters (Omega Optics, Madrid, Spain). NAD(P)
H autofluorescence was excited with a 360 nm band-pass
filter and emission was filtered at 445 + 25 nm. An image
was acquired every 60 s using ORCA software (Hama-
matsu Photonics, Barcelona, Spain). The electrical poten-
tial across the inner mitochondrial membrane was meas-
ured using rhodamine (Rhod)-123. Islets were pre-loaded
with 10 pg/mL Rhod-123 for 20 min and an image was
acquired every 30 s using conventional fluorescein filters
and ORCA software (Hamamatsu Photonics, Barcelona,
Spain) (Pertusa et al. 2002).

Pancreas morphometry and immunohistochemistry

For morphometric analyses, pancreases from all groups
of mice were removed, weighed, fixed for 16 h in Bouin’s
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Table 1 Primer sequences for the islet-associated transcription factors and genes involved in islet-cell functions

Forward (5'-3")

Reverse (5-3')

Insulin AGCAGGAAGGTTATTGTTTC ACATGGGTGTGTAGAAGAAG
Glucagon GGCTCCTTCTCTGACGAGATGAGCAC CTGGCACGAGATGTTGTGAAGATGG
SST GAGCCCAACCAGACAGAGAA AAGCTGGCTGCAAGAACTTC
GLUT-2 GGAAGAGGCATCGACTGAGCAG GCCTTCTCCACAAGCAGCACAG
TRPMS5 CAAATCCCTCTGGATGAAATTGATG CCAGCCAGTTGGCATAGA
SSTR2 CTACATCTTCAACGTCTCTTC ATTGTGAATTGTCTGCCTTG
MafA CATCCGACTGAAACAGAAG ATTTCTCCTTGTACAGGTCC
PAX-6 TTTGAGAGGACCCATTATCC AACCATACCTGTATTCTTGC
PDX-1 GATGAAATCCACCAAAGCTC TAAGAATTCCTTCTCCAGCTC
Ngn3 GTCGGGAGAACTAGGATG AAAAGGTTGTTGTGTCTCTG
NeuroD AGATCGTCACTATTCAGAACC AGAACTGAGACACTCATCTG
MafB AAATTGACATACACACACC AAGCCTGTCTTGTTTTCTTC
GAPDH CCTGCACCACCAACTGCTTAG GCCCCACGGCCATCACGCCA

SST somatostatin, GLUT-2 glucose transporter 2, TRPMS transient receptor potential melastatin 5, SSTR2 SST receptor 2, MafA V-maf muscu-
loaponeurotic fibrosarcoma oncogene homolog A, PDX-I pancreatic and duodenal homeobox factor 1, Pax-6 paired box 6, Ngn3 neurogenin
3, NeuroD neurogenic differentiation 1 or B2, MafB V-maf musculoaponeurotic fibrosarcoma oncogene homolog B, GAPDH glyceraldehyde

3-phosphate dehydrogenase

solution and routinely embedded in Paraplast® (Sigma
Chemical, St Louis, MO, USA). From each block, exhaus-
tive 5 um serial sections were obtained (every 20th section)
and randomly selected for insulin, glucagon and the SST
immunoperoxidase reaction. For immunohistochemistry,
the paraplast was removed; the sections were rehydrated
and washed with 0.05 M Tris—saline buffer (TBS) pH 7.4,
and incubated with TBS containing 0.3 % H,0, for endog-
enous peroxidase activity blockade and permeabilized for
1 h with TTBS (0.1 % Tween® 20 and 0.5 % fat free milk
in TBS). The sections were incubated overnight with a pol-
yclonal guinea pig anti-insulin (1:100; Dako North Amer-
ica, Inc., CA, USA), or rabbit anti-glucagon (1:50; Dako
North America, Inc., CA, USA) or goat anti-SST (1:50;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA)
antibody at 4 °C. Subsequently, the sections were incubated
with rabbit anti-guinea-pig IgG, or goat anti-rabbit or rab-
bit anti-goat conjugated antibody with HRP for 1 h and
30 min (1:1500; Zymed Laboratories, Inc., San Francisco,
CA, USA). The positive insulin, glucagon or SST cells
were detected with diaminobenzidine (DAB; Sigma Chem-
ical, St Louis, MO, USA) solution (10 % DAB and 0.2 %
H,0, in TBS). Finally, the sections were quickly stained
with Ehrlich’s hematoxylin and mounted for observation by
microscopy. All islets present in the sections were covered
systematically by capturing images with a digital camera
(Nikon FDX-35) coupled to a Nikon Eclipse E800 micro-
scope (Nikon, Tokyo, Japan). The islet, B, o and 8-cell and
section areas were analyzed using the free software, Image
J (http://imagej.nih.gov/ij). The islet, B, o and 8-cell masses
were calculated by multiplying the pancreas weight by
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the total islet or B, or a or 8-cell area per pancreas section
(Ribeiro et al. 2012).

Quantitative real-time PCR

Total RNA from all groups of islets was isolated using the
RNeasy Plus Mini kit (Qiagen, Hilden, Germany) and the
RNA concentration was measured in a NanoDrop 2000
spectrophotometer (Thermo Scientific, Waltham, MA,
USA). cDNA was synthesized from 500 ng RNA using the
high capacity cDNA reverse transcription kit (Applied Bio-
systems, Foster City, CA, USA). Quantitative PCR reac-
tions were performed using the CFX96 Real Time System
(Bio-Rad, Hercules, CA, USA). Reactions were carried out
in a final volume of 10 pL, containing 200 nM primers,
1 pL cDNA and iQ™ SYBR® Green supermix (Applied
Biosystems, Foster City, CA, USA). Samples were sub-
jected to the following thermal cycler conditions: 10 min
at 95 °C, 45 cycles (10 s at 95 °C, 7 s at 60 °C, 15 s at
72 °C) and melting curve from 65 to 95 °C with a slope
of 0.1 °C/s. Primer sequences used for mice genes are pro-
vided in Table 1. The resulting values were analyzed by
CFX Manager version 1.6 software (Bio-Rad, Hercules,
CA, USA). The relative mRNA levels were determined by
the 2722 method and normalized by the glyceraldehyde
3-phosphate dehydrogenase (GAPDH) gene.

Statistical analysis

Results are presented as mean &= SEM for the number of
independent experiments (n) indicated. The area under
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Table 2 Obesity parameters in 90 day-old male C, CT, ob and obT
mice

C CT ob obT
BW (g) 2941 284+1* 50+1° 47 +1°
Lee index 31245 323+£7%° 3734+4%  365+5°

Retroperitoneal fat 1.9 +0.3* 2.3 +£0.3% 1434+24% 11.9+£27°
pad (mg/g BW)

Perigonadal fat pad 6.8 +0.7% 8.2 4 1.0° 52.3 +5.7° 5534 5.0°
(mg/g BW)

Data are mean values £ SEM (n = 8-16). Different letters represent
significant differences (Two-way ANOVA followed by Holm-Sidak
post test, P < 0.05)

the curve (AUC) was calculated by trapezoidal integration
using GraphPad Prism® version 5.00 for Windows (San
Diego, CA, USA). Data were analyzed by two-way analy-
sis of variance (ANOVA), followed by the Holm-Sidak post
test using SigmaStat version 3.5 for Windows (Jandel Sci-
entific Software Inc., San Jose, CA, USA). The level of sig-
nificance was set at P < 0.05.

Results
Obesity evaluation and general nutritional features

Final BW and Lee index were 73 and 19 % higher
in 90-day-old male ob mice, compared with C mice

(P < 0.0001; Table 2). In addition, ob mice displayed a sub-
stantial fat accumulation with approximately 7-fold higher
retroperitoneal and perigonadal fat stores, compared with
the C group (P < 0.0001; Table 2). Tau-supplemented ob
mice presented BW, Lee index, retroperitoneal and per-
igonadal fat stores similar to that observed in ob mice
(Table 2).

In addition, ob mice were hyperglycemic and hyperinsu-
linemic under fasting and fed conditions, compared with C
mice (P <0.01, P <0.002; Table 3). The ob group presented
an increase of 69 % in plasma CHOL levels (P < 0.001),
but reduced plasma NEFA concentrations in the fasting
state, in comparison with the C mice (P < 0.05; Table 3).
In obT mice, blood glucose levels, in the fed state, and
insulinemia in both the fed and fasted states, were normal-
ized (Table 3). Whereas, an increase in plasma CHOL lev-
els under fed conditions and higher fasting NEFA plasma
concentrations were observed in obT mice, compared with
the ob group (P < 0.01, P < 0.03; Table 3). Under fasting
conditions, no alterations in plasma glucagon levels were
observed between groups (Table 3). Tau plasma levels were
increased by 112 and 107 % in fasted obT and CT mice,
compared with their respective controls (P < 0.05; Table 3).

Glucose homeostasis

At 90 days of age, mice of all groups were submitted to an
ipGTT. After glucose administration, blood glucose reached

Table 3 Plasma biochemical C

parameters in 12 h-fasted and T ob obT
fed 90—day?01d male C, CT, ob Glycemia (mg/dL)
and obT mice Fasted 74+ 40 96 + 6° 105 + 9° 119 £ 9°
Fed 134 + 12° 134 + 4° 174 + 7° 127+ 7°
Insulin (ng/mL)
Fasted 0.21 £0.1* 0.18 £0.1* 557 +0.9° 242407
Fed 1.10 £ 0.1* 0.56 £ 0.1* 49.26 + 14.9° 3.92 £ 1.2°
CHOL (mg/dL)
Fasted 135 + 15 167 + 13 228 4+ 13° 241 4+ 19°
Fed 151 £ 15° 155 + 20° 200 + 28? 307 + 30°
TG (mg/dL)
Fasted 116 & 24 87 £ 19 142 + 28 111+ 24
Fed 159 + 13 155+ 13 126 + 35 140 + 44
NEFA (mmol/L)
Fasted 1.48 + 0.2%° 1.11+0.1° 1.06 +0.1¢ 1.41 + 0.2%¢
Fed 0.66 £ 0.1* 1.04 £ 0.2%0 0.87 £0.1° 1.40 £+ 0.2°
Tau (mmol/L)
Fasted 134028 274020 134032 28405°
Glucagon (pg/mL)
Fasted 55410 7146 63+8 76 &+ 10

Data are mean values == SEM (n = 8-16). Different letters represent significant differences (Two-way
ANOVA followed by Holm-Sidak post test, P < 0.05)
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Fig. 1 Tau supplementation (A) (B)
ameliorates glucose homeo-
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maximal values at 15 min in C and CT, and at 30 min in
ob, and obT mice (Fig. 1a). In the ob group, hyperglycemia
initiated at 30 min and persisted until 120 min (P < 0.001;
Fig. la). Tau supplementation decreased glycemia at
60 min in obT, compared with ob mice (P < 0.005). Total
plasma glucose levels (AUC), during ipGTT, were 1.8-fold
higher in ob than in C mice (P < 0.0001; Fig. 1b). Tau sup-
plementation improved glucose tolerance in obT, with a
reduction of 36 % in the total glycemia, compared with ob
mice (P < 0.0001; Fig. 1b).

During the ipITT, ob mice displayed enhanced blood
glucose compared with C mice (Fig. 1lc), indicating an
impaired insulin action, as confirmed by an increase of
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Time (min)

124 % in the total glycemia in ob compared with the C
mice, during the test (P < 0.0001; Fig. 1d). Tau treatment
improved the insulin action in obT mice, decreasing the
AUC of the ipITT by 27 %, in comparison with ob mice
(P <0.001; Fig. 1d).

Hepatic glucose production was also assessed by an
ipGIluTT. Fasted ob mice showed higher glycemia after
glucagon administration (Fig. le), exhibiting an exacerba-
tion in hepatic glucose mobilization, since the total glyce-
mia during the test was 97 % higher in ob than in C mice
(P <0.001; Fig. 1f). A reduction of 39 % in hepatic glucose
production was observed in obT mice, when compared
with ob mice (P < 0.001; Fig. 1f).
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Fig. 2 Tau supplementation prevented insulin hypersecretion in ob
islets, enhancing B-cell responsiveness to SST. Static insulin secre-
tion in response to increasing glucose (G) concentrations (a), or at
2.8 mM glucose with or without 100 nM SST (b), and total islet insu-
lin content (c) in isolated islets from 90-day-old male C, CT, ob and
obT mice. Groups of 4 islets of similar sizes were incubated for 1 h
under different stimuli, as indicated in the figure. Each bar represents
mean + SEM (n = 12-24). Different letters over the bars represent
significant differences (Two-way ANOVA followed by Holm-Sidak
post test, P < 0.05). *Indicates a significant difference compared with
obT islets incubated at 2.8 mM glucose (P < 0.05)

Insulin secretion, Ca?* handling and glucose
metabolism in $-cells

To evaluate B-cell function, isolated islets from mice of
all groups were exposed to increasing glucose concentra-
tions (Fig. 2a). Islets from ob mice secreted higher amounts
of insulin at all glucose concentrations, compared with C
islets (P < 0.001). Tau supplementation normalized insu-
lin secretion in obT at 2.8 and 22.2 mM glucose, and sig-
nificantly reduced secretion at 5.6 and 11.1 mM glucose,
which was 40 and 53 % lower, respectively, than those
observed for ob islets (P < 0.001 and P < 0.0001, respec-
tively; Fig. 2a). In addition, when ob islets were incubated
with 2.8 mM glucose and 100 nM SST, no alterations in
insulin secretion were observed (Fig. 2b). In contrast,
obT islets presented a 39 % reduction in insulin release in
response to 100 nM SST (P < 0.03; Fig. 2b). However, the

higher content of insulin in the ob islets (130 % higher than
Cislets; P < 0.0001) was not altered by Tau treatment. It is,
therefore, plausible that the lower insulin secretion in obT
is due to a better responsiveness to SST in these islets.
Figure 3a—f shows cytoplasmic Ca®t oscillations, in
response to 11.1 mM glucose, in islets isolated from all
groups of mice. The switch from 2.8 to 11.1 mM glucose
produced a typical pattern of glucose-induced cytoplasmic
Ca’t influx, which was characterized by an initial small
decrease, followed by an abrupt and sustained increase,
and subsequent oscillations that varied among the groups
(Fig. 3a, b, d and e). Islets from ob mice presented a higher
Ca’* influx, induced by 11.1 mM glucose, as shown by
the higher AUC and amplitude of cytoplasmic Ca**, when
compared with C islets (P < 0.0001; Fig. 3e, f); in contrast,
ob islets did not present Ca’>* oscillations in response to
glucose (Fig. 3c). Tau treatment decreased the total Ca*"
influx, compared with the ob group (P < 0.0001; Fig. 3e),
and normalized the amplitude of [Ca®*]i in obT islets,
without restoring the typical oscillatory Ca>* flux (Fig. 3f).
Mitochondrial ATP synthesis is dependent upon A{ym
(Newsholme et al. 2007). We explored this parameter
by monitoring Rhod123 fluorescence in islets from all
groups (Scaduto and Grotyohann 1999). Increases in the
concentrations of glucose leads to a proportional fall in
the intensity of Rhod123 fluorescence (Fig. 3g), which
reflects the mitochondrial hyperpolarization, attribut-
able to matrix proton extrusion (Scaduto and Grotyohann
1999). Tau treatment did not alter A{yrm, under basal and
stimulatory glucose concentrations, in both C and ob islets
(AUC for C 302,879 + 14,751, CT 315,233 + 34,231, ob
274,600 =+ 12,208 and obT 322,829 + 18,916 F480 min™").
We also measured NAD(P)H production to verify
whether an alteration in glucose metabolism contributes to
the increased islet glucose responsiveness in the ob group.
At lower levels of glucose (0.5-5.6 mM), NAD(P)H values
were higher in ob islets (Fig. 3h). Stimulatory glucose con-
centrations (11.1-22.2 mM), raised NAD(P)H autofluores-
cence in islets from all groups, but NAD(P)H was higher
in ob, compared with C islets (P < 0.02; Fig. 3i). NAD(P)
H values were similar for the ob and obT islets (Fig. 3h, i).

Glucagon secretion and Ca?* handling in a-cells

It is known that dysfunction of the a-cells also contrib-
utes to the disruption of glucose homeostasis in T2D
(Walker et al. 2011). Therefore, we investigated o-cell
function in islets of all groups (Fig. 4). Ob islets secreted
high amounts of glucagon at a low glucose concentra-
tion (0.5 mM) (P < 0.005). At 5.6 mM glucose, glucagon
secretion tends to be lower in ob, compared with C and CT
islets. At this glucose concentration, ob secreted signifi-
cantly less glucagon than obT (P < 0.02; Fig. 4a); however,
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Fig. 3 Tau partially decreases glucose-induced Ca** influx, but does
not alter NAD(P)H production and AWm in ob islets. Representative
curves of 11.1 mM glucose-induced intracellular Ca>* oscillations in
islets from C (a), CT (b), ob (d) and obT (e). The AUC (c) and ampli-
tude (f) of [Ca®*]i in response to 11.1 mM glucose. The experiments
were performed in a perifusion system in a medium that contained
2.8 or 11.1 mM glucose (G2.8 and Gl1.1, respectively). Changes

at 0.5 mM glucose, obT secreted significantly less gluca-
gon than ob (P < 0.001), and similar glucagon concen-
trations to those observed for C and CT islets. No differ-
ences in the total glucagon content were observed in islets
from all groups (Fig. 4b). Augmented glucagon release, at
0.5 mM glucose, was accompanied by higher Ca>* oscilla-
tions in ob, compared with C islets (P < 0.0001; Fig. 5a, d,
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in AYym (g) and NAD(P)H fluorescence (h) in response to increas-
ing glucose concentrations (as indicated by horizontal bars) in islets
from C, CT, ob and obT mice. Total NAD(P)H production, expressed
as AUC (i) in C, CT, ob and obT islets. Different letters over the
bars indicate significant differences (Two-way ANOVA followed by
Holm-Sidak post test, P < 0.05)

respectively). Although there was no difference in gluca-
gon secretion, an increase in Ca*t oscillations was also
observed in CT, compared with C, and in obT compared
with C and ob islets (P < 0.0001; Fig. 5a, c¢). The num-
bers of Ca’t oscillations in a-cells, at 5.6 mM glucose,
were 23 % lower in obT (Fig. Se), compared with ob islets
(P <0.01; Fig. 54, f).
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Pancreatic islet morphometry

Table 4 shows a morphometric analysis of the pancreases
from mice of all groups. The pancreas weight did not differ
between groups. Histological analysis revealed that pancre-
atic islets from ob were hypertrophic with increased B-cell
and a-cell areas, compared with the C islets (P < 0.0001;
Table 4). In addition, islet, § and a-cell masses were higher

80

= - 7

% 60 § 900-1

= = =

53 s ||l

23 SE ol |l

S 5, 401 S & /

>2 32 %

5 20 5 300 %
/

L S5
C CT ob obT

Fig.4 Tau supplementation prevents a-cell hyperfunction in ob
islets. Glucagon secretion (a) and total glucagon content (b) in islets
from 90-day-old male C, CT, ob and obT mice. Groups of 15 islets
of similar sizes were incubated for 1 h at 5.6 or 0.5 mM glucose (G),
as indicated in the figure. Data are mean &= SEM (n = 16-25). Dif-
ferent letters over the bars represent significant differences (Two-way
ANOVA followed by Holm-Sidak post test, P < 0.05)

in the ob pancreas (P < 0.001; Fig. 6). Tau-supplemented ob
mice demonstrated reductions of 61 and 52 % in islet and
B-cell areas, respectively, compared with ob (P < 0.0001);
however, Tau supplementation did not alter the a-cell area,
which remained similar to that of ob mice and higher than
that of C islets (P < 0.05; Table 4). In terms of mass, Tau
supplementation reduced obT islet and B-cell masses by
47 and 53 %, respectively, compared with those of ob mice
(P < 0.0001; Fig. 6m, n). In obT islets, the a-cell mass was
higher than those of C and CT, and similar to that of ob
(P < 0.0001; Fig. 60). Additionally, Tau treatment increased
the 3-cell area in CT and 8-cell mass in the obT pancreas
(P < 0.04; Table 4; Fig. 6p).

Gene expression

Insulin mRNA expression was enhanced in ob islets, com-
pared with C islets (P < 0.001; Fig. 7a), whereas gluca-
gon, SST, GLUT-2, transient receptor potential melasta-
tin 5 (TRPMS5), SST receptor (SSTR) 2 genes and MafB
(V-maf musculoaponeurotic  fibrosarcoma oncogene
homolog B) were downregulated in ob, compared with C
islets (P < 0.05; Fig. 7a—c). In contrast, ob islets presented
upregulation of paired box (Pax)-6, pancreatic and duo-
denal homeobox factor (PDX)-1 and neurogenin (Ngn)-3
mRNAs (P < 0.0001; Fig. 7c). The expression of insulin,
SST, Pax-6, and PDX-1 genes was not modified in obT,
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Fig. 5 Tau supplementation enhances cytoplasmic Ca** oscillations
in a-cells from ob mice. Representative curves of Ca>" oscillations
in a-cells from C (a), CT (b), ob (d) and obT (e) islets. Individual
Ca®* signals were measured in 8-um optical sections from intact
islets using confocal microscopy and fluorescent dye Fluo-4. The fre-

quency of [Ca>*]i in response to 0.5 (¢) and 5.6 (f) mM glucose. Data
are mean + SEM (n = 23-61 a-cells from 5 different mice). Differ-
ent letters over the bars represent significant differences (Two-way
ANOVA followed by Holm-Sidak post test, P < 0.05)
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Table 4 Morphometric analysis
of pancreases from 90-day-old

male C, CT, ob and obT mice

C CT ob obT
Pancreas weight (mg) 232+7 212+ 17 254 £ 30 227+ 8
Islet area (um?) 4191 £ 302* 5172 £ 293* 28,919 £ 1549® 17,955 & 1155¢
B-Cell area (um?) 2733 £ 277* 3425 £ 276* 16,022 £ 1153% 7599 4 824°
a-Cell area (um?) 1143 £+ 106* 1528 £+ 136* 3610 & 457° 2720 £ 310°
8-Cell area (um?) 886 £+ 99* 1220 4 189° 805 + 74* 781 + 70*
Number of islets per section 42 + 5% 60 £+ 6° 85 £ 9P 116 + 18°
Number of analyzed islets 672 1073 1282 815

For parameter calculations, see “Materials and methods”. Different letters represent significant differences
(Two-way ANOVA followed by Holm-Sidak post test, P < 0.05)

compared with islets from the ob group (Fig. 7a, c). But,
glucagon, GLUT-2 and TRPMS5 gene expressions were
restored in obT islets (Fig. 7a, b). In addition, obT islets
expressed higher MafA (V-maf musculoaponeurotic fibro-
sarcoma oncogene homolog A), Ngn3 and NeuroD (Neu-
rogenic differentiation 1, also called f2) mRNAs (P < 0.05;
Fig. 7c). Tau supplementation also enhanced the expres-
sions of SST, Pax-6, Ngn3, NeuroD and MafB genes in the
CT islets (P < 0.05; Fig. 7a, c).

Discussion

Obesity predisposes to several chronic diseases such as
T2D (Kahn et al. 2006). In this disease insulin resistance
is the main factor, but pancreatic islet dysfunction also
contributes to the disruption of body glucose homeosta-
sis (Unger and Orci 2010; Walker et al. 2011; Cerf 2013).
Therefore, to prevent or treat T2D, strategies for the regula-
tion of the endocrine pancreatic cell populations must be
developed to maintain adequate B, o and 3-cell physiology
and its paracrine interactions to preserve normal body glu-
cose control.

Here, although Tau supplementation did not prevent
obesity in ob mice, as previously reported in diet or glu-
tamate-induced obesity, as well as in other type of genetic
obesity (Tsuboyama-Kasaoka et al. 2006; Nardelli et al.
2011; Batista et al. 2013); better glucose tolerance, insulin
action and lower glucagon-induced hepatic glucose output
were observed in the obT group (Fig. 1). Previous reports
showed that Tau improves glucose control in pre- and dia-
betic conditions (Tsuboyama-Kasaoka et al. 2006; Kim
et al. 2012; Batista et al. 2013; Vettorazzi et al. 2014), and
this effect may be due to the interaction of the amino acid
with the insulin receptor (Maturo and Kulakowski 1988;
Carneiro et al. 2009), enhancing Akt activation in differ-
ent insulin target tissues (Baek et al. 2012; Das et al. 2012;
Ribeiro et al. 2012; Batista et al. 2013).

We also show here that Tau can ameliorate glucose
homeostasis by regulating islet-cell morphology and
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function. Pancreatic islets from adult ob mice displayed
an altered B-cell threshold for glucose-induced insulin
release which contributes to the severe hyperinsuline-
mia in these rodents (Chen et al. 1993). These altera-
tions are concomitant with abnormal cytoplasmic Ca’**
oscillations, probably due to the lower expression of the
TRPMS5 cation channel (Colsoul et al. 2014). The ob pan-
creas also presents morphological alterations with severe
islet hypertrophy (Tomita et al. 1992). Several of these
features were found in our study, and we also observed
higher NAD(P)H production (Fig. 3h), despite a reduced
expression of GLUT-2 mRNA, which is indicative of
an early dysfunction of glucose utilization in B-cells
(Fig. 7b). As such, decreased expression of the GLUT-2
gene may occur in T2D and is associated with reduced
B-cell responsiveness to glucose (Johnson et al. 1990;
Ohneda et al. 1993).

Tau supplementation prevented insulin hypersecretion
and hyperinsulinemia in obT mice, decreasing islet Ca>"
influx and normalizing the expression of the GLUT-2
and TRPMS channel genes. The TRPMS is a monovalent
cation-permeable channel expressed in pancreatic p-cells
that is activated by [Ca**]i and causes membrane depo-
larization by Na* influx (Uchida and Tominaga 2011). The
lack of TRPMS in B-cells leads to glucose intolerance due
to reduced insulin secretion in mice (Colsoul et al. 2010).
Unfortunately, although we did not observe any restoration
of Ca* oscillations in response to glucose in the obT islets
(Fig. 3e), the normalization of GLUT-2 and TRPMS tran-
scripts may delay the onset of B-cell dysfunction in the obT
group.

Tau supplementation may prevent alterations or restore
endocrine pancreatic mass in malnutrition (Boujendar et al.
2002), obesity (Ribeiro et al. 2012), type 1 diabetes (Arany
et al. 2004) and T2D (Lee et al. 2011). In these pre- and
diabetic conditions, Tau seems to protect pancreatic islets
against oxidative stress and cytokines (Boujendar et al.
2002; Arany et al. 2004; Lee et al. 2011). Our study also
revealed that Tau prevents islet hypertrophy (Table 4), and
the increase in islet and B-cell masses in the obT pancreas
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Fig. 6 Tau supplementation regulates endocrine pancreatic mass
content in ob mice. Panels show paraplast-embedded pancreas sec-
tions (5 um thick) from the C (a, b, ¢), CT (d, e, ), ob (g, h, i) and
obT (j, k, 1) groups, which were immunolabelled for insulin (a, d, g,
j), glucagon (b, e, h, k) or SST (c, f, i, ). Bar 50 um. Mean £ SEM
of islet (m), B-cell (n), a-cell (0) and d-cell (p) masses of the endo-

(Fig. 6), but enhances 8-cell mass (Fig. 6p), and B-cell
responsiveness to SST (Fig. 2b). Tau also increased 3-cell
area and SST mRNA content in CT islets (Table 4; Fig. 7c¢).
These findings support the idea that Tau enhances the SST

Islet mass (mg)

crine pancreas from C, CT, ob and obT mice. Each endocrine pancre-
atic mass was calculated by multiplying the pancreas weight by the
total islet, B, a or 3-cell area per pancreas section. Data are obtained
from at least 12 pancreas sections analyzed. Different letters over the
bars represent significant differences (Two-way ANOVA followed by
Holm-Sidak post test, P < 0.05)

paracrine action in islets from ob and C supplemented
mice.

In mice o and B-cells, SST is known to decrease hor-
mone secretion mainly through SSTR2 and SSTRS,
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Fig. 7 Tau regulates endocrine
pancreatic genes in ob islets.
Relative insulin, glucagon, SST,
GLUT-2, TRPMS, SSTR2,
MafA, Pax-6, PDX-1, Ngn3,
NeuroD and MafB mRNA
expressions in islets from
90-day-old C, CT, ob and obT
mice. Data are mean = SEM
(n = 6-12). Different let-

ters over the bars represent
significant differences between
the groups for the same gene
evaluated (Two-way ANOVA
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respectively (Strowski et al. 2000). However, in human
islets, SSTR2 predominates in o and B-cells (Kailey et al.
2012). In human B-cells, SST causes hyperpolarization
through the activation of G protein-gated inwardly rec-
tifying K* channels. In addition, the SSTR2 hormone
inhibits Ca?* influx through voltage-gated P/Q-type Ca’*
channels, and directly inhibits Ca’>"-dependent exocyto-
sis in a and B-cells (Gromada et al. 2001a, b; Kailey et al.
2012). Insulin and glucagon hypersecretion, and impaired
glucose-induced suppression of glucagon release have
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Pax-6

PDX-1 Ngn3 NeuroD MafB

been reported in SST knockout mice (Hauge-Evans et al.
2009). Decreased SST secretion may be a compensatory
mechanism by which the body attempts to overcome insu-
lin resistance in T2D. Accordingly, we observed that ob
islets did not respond to SST (Fig. 2b) and presented lower
expression of SST and SSTR2 genes (Fig. 7c, f), without
any alteration in 3-cell pancreatic mass (Fig. 6). These
results indicate that islet hypersecretion in ob islets is asso-
ciated with a lower paracrine inhibitory action of SST upon
B and a-cells.



Taurine supplementation ameliorates glucose homeostasis...

1545

In a-cells, low concentrations of glucose induce elec-
trical activity, Ca*" oscillations and glucagon secretion,
but all these events are inhibited when glucose levels are
raised (Quesada et al. 2008). However, in T2D, impaired
a-cell responsiveness to glucose and glucagon hypersecre-
tion may occur, aggravating the disruption of body glucose
control (Unger and Orci 2010; Walker et al. 2011). Here,
in response to low glucose, a-cells from ob mice hyperse-
creted glucagon, likely due to a higher frequency of cyto-
plasmic Ca’*" oscillations (Figs. 4a, 5d). Furthermore,
an impaired a-cell electrical activity was evidenced in ob
islets, since under basal glucose concentrations, o-cells
also exhibited enhanced Ca’* oscillations (Fig. 5d).

In pancreatic islet-cells, Tau co-localized with glucagon
and SST positive cells (Bustamante et al. 2001), however,
the effects of Tau on 8-cells of pancreatic islets have not
been previously reported. It has been shown, though, that
Tau induces SST release from median eminence extracts
(Aguila and McCann 1985), indicating that increased Tau
concentrations in the islet milieu may regulate 3-cell secre-
tion and mass, preventing alterations in glucagon secretion
in obT (Figs. 4a, 7b).

Several transcription factors are involved in pancreas
development and islet-cell differentiation and function.
The PDX-1 and MafA transcription factors regulate insu-
lin gene expression (Kaneto et al. 2009). Exposure of
B-cells to high glucose or fatty acid decreased DNA bind-
ing activities of these transcription factors (Sharma et al.
1995; Hagman et al. 2005; Kaneto et al. 2009). In addi-
tion, MafA knockout mice become diabetic due to a lower
insulin secretion, in association with reductions in insulin,
PDX-1, NeuroD1, and GLUT-2 transcripts (Zhang et al.
2005). In db/db mice, islet nuclear MafA expression was
markedly decreased with age and was not detected during
senescence (Matsuoka et al. 2010). Here, increased PDX-
1gene expression in ob islets may account for the enhanced
insulin mRNA content and B-cell mass, as previously dem-
onstrated in PDX-1 haploinsufficient mice (Johnson et al.
2003). However, it is possible that a non-compensatory
increase in MafA mRNA in ob islets impairs GLUT-2
expression. As such, the increase in MafA transcripts
induced by Tau supplementation contributes to maintain-
ing normal GLUT-2 mRNA expression in obT islets and,
together with an enhancement in NeuroD gene expression
(Fig. 7c), maintains the normal p-cell sensitivity to glucose
and insulin release (Gu et al. 2010).

Paired box 6 is a transcription factor necessary to con-
trol the precise expression of glucagon, insulin, SST and
PP hormones (Sander et al. 1997). In the B-cell, Pax-6
directly regulates the expression of prohormone convertase
(PC) 1/3, a serine protease involved in proinsulin process-
ing (Wen et al. 2009), and also controls the transcription
of the insulin, PDX-1, MafA and GLUT-2 genes (Gosmain

et al. 2012). Furthermore, Pax-6 is crucial for glucagon
biosynthesis through the direct and indirect controls of
the proglucagon and PC2 genes, respectively. Pax-6 con-
trols the expression and activation of the promoter regions
of the MafB, cMaf, and NeuroD1 genes (Gosmain et al.
2010). The inactivation of Pax-6 in pancreatic islets from
6-month-old mice reduced the number of insulin, glucagon,
SST, PDX-1, GLUT-2 and PC 1/3 positive cells (Hart et al.
2013). In addition, MafB is a transcript factor found in
adult a-cells and regulated glucagon gene expression (Art-
ner et al. 2006). In this way, decreased glucagon mRNA
content in ob islets (Fig. 7a) is associated with lower MafB
mRNA (Fig. 7c). Our data suggest that increased a-cell
mass and SST mRNA in CT islets is partly due to high
Pax-6 expression in this group (Figs. 60, 7a, c).

Additional islet-associated transcription factors were
modulated by Tau, preventing this alteration in the obT
group (Fig. 7). Ngn3 is a transcript factor that can sup-
press exocrine fate and promote endocrine fate during both
embryogenesis and adulthood in differentiated acinar cells
(Rukstalis and Habener 2009). Ngn3 binds directly to the
promoters of the B-cell transcription factors NeuroD and
Pax-4, promoting differentiation of progenitor cells in the
B-cell lineage (Huang et al. 2000).

It is also supposed that the exocrine cells of the pan-
creas can undergo transdifferentiation into the endocrine
lineage, since co-expression of Ngn3, PDX-1 and MafA
in the mouse pancreas transforms exocrine cells into
B-cells (Zhou et al. 2008). In addition, these transcript
factors also regulate the endocrine fate of other islet-
cells, since in adult mice, Ngn3 overexpression promotes
d-specification from acinar pancreatic cells, whereas the
combination of Ngn3 and MafA genes induce a-cell lin-
eage. Taken together, while Ngn3 regulation is complex
and depending of several transcriptional and post- tran-
scriptional regulators (Rukstalis and Habener 2009), our
results indicate that Tau supplementation enhances 3-cell
area in the CT and mass in obT, increasing Ngn3 mRNA
expression (Fig. 7c).

Collectively, our results indicate that Tau supplementa-
tion ameliorates glucose homeostasis in ob mice displaying
a central action in the regulation of endocrine pancreatic
cells. The prevention of the B-cell hypersecretion in the obT
group was associated with a better -cell responsiveness to
SST, attenuated islet Ca®>" handling and B-cell mass in the
pancreas. Tau maintained normal gene expression of GLUT-
2, in association with an increase in the transcription of
MafA gene. Tau also prevented a-cell hypersecretion in obT
islets, an effect that was associated with an improved a-cell
oscillatory Ca®>* profile in response to low and high glucose
concentrations. Enhanced 8-cell mass in the obT pancreas
is partly due to the higher Ngn3 mRNA promoted by Tau.
Additionally, SST and the 8-cell area were higher in islets
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from CT mice, which could be due at least in part to higher
Pax-6 and Ngn3 gene expressions. These data suggest that
Tau may prevent glucagon and insulin compensatory hyper-
secretion in obesity and T2D, by maintenance of at least
SST paracrine interactions in the endocrine pancreas.
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