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Abstract Taurine (Tau) is involved in beta (f)-cell
function and insulin action regulation. Here, we verified the
possible preventive effect of Tau in high-fat diet (HFD)-
induced obesity and glucose intolerance and in the disruption
of pancreatic f-cell morpho-physiology. Weaning Swiss
mice were distributed into four groups: mice fed on HFD
diet (36 % of saturated fat, HFD group); HTAU, mice fed
on HFD diet and supplemented with 5 % Tau; control
(CTL); and CTAU. After 19 weeks of diet and Tau treat-
ments, glucose tolerance, insulin sensitivity and islet
morpho-physiology were evaluated. HFD mice presented
higher body weight and fat depots, and were hyperglyce-
mic, hyperinsulinemic, glucose intolerant and insulin
resistant. Their pancreatic islets secreted high levels of
insulin in the presence of increasing glucose concentrations
and 30 mM K*. Tau supplementation improved glucose
tolerance and insulin sensitivity with a higher ratio of Akt
phosphorylated (pAkt) related to Akt total protein content
(pAkt/Akt) following insulin administration in the liver
without altering body weight and fat deposition in HTAU
mice. Isolated islets from HTAU mice released insulin
similarly to CTL islets. HFD intake induced islet hyper-
trophy, increased f-cell/islet area and islet and f-cell mass
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content in the pancreas. Tau prevented islet and f-cell/islet
area, and islet and f-cell mass alterations induced by HFD.
The total insulin content in HFD islets was higher than that
of CTL islets, and was not altered in HTAU islets. In
conclusion, for the first time, we showed that Tau enhances
liver Akt activation and prevents f-cell compensatory
morpho-functional adaptations induced by HFD.

Keywords Glucose homeostasis - High-fat diet mice -
Insulin secretion - Islet morphometry - Taurine
supplementation

Introduction

Type 2 diabetes mellitus (T2DM) is a complex disease char-
acterized by reduced insulin secretion and increased insulin
resistance (Cnop et al. 2005). The interaction between envi-
ronmental and genetic factors contributes to the onset of
obesity and this syndrome is one of the most important con-
tributors to T2DM development (Kahn et al. 2001).

In plasma from prediabetic and diabetic patients, as well
as in experimental models of diabetes mellitus (DM),
reduced levels of Tau have been observed (Franconi et al.
1995; Anuradha and Balakrishnan 1999; Colivicchi et al.
2004; Tsuboyama-Kasaoka et al. 2006). Decreased plasma
Tau levels in DM were also associated with hyperglycemia
and disruption of osmoregulation (Hansen 2001). Tau
supplementation improved insulin sensitivity and normal-
ized glycemia, insulinemia, hypertension and dyslipidemia
in T2DM experimental models (Anuradha and Balakrish-
nan 1999; Nakaya et al. 2000; Nandhini and Anuradha
2002; Tsuboyama-Kasaoka et al. 2006). Tau also exerted a
protective effect upon fS-cell apoptosis in streptozotocin-
diabetic rats and non-obese diabetic mice, increasing the
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life span in these rodents (Chang 2000; Di Leo et al. 2004;
Arany et al. 2004). Thus, Tau treatment has a potential
therapeutic action in DM (Anuradha and Balakrishnan
1999; Nakaya et al. 2000; Nandhini and Anuradha 2002;
Tsuboyama-Kasaoka et al. 2006). Here, using the HFD
mice model of obesity, which causes increased glycemia
after 1 week of diet treatment, and insulin resistance and
glucose intolerance at around 8 weeks (Winzell et al. 2007,
Ahren and Pacini 2002; Araujo et al. 2007; De Souza et al.
2007), we evaluated the potential preventive effect of Tau
upon HFD-induced alterations in body weight and fat
accumulation, glucose tolerance and insulin sensitiveness,
as well as in pancreatic islet morpho-physiology. For the
first time, now we demonstrate that Tau supplementation
enhances liver insulin sensitivity and prevents f-cell mor-
pho-functional alterations induced by HFD without inter-
fering with body weight gain and increased fat deposition.

Materials and methods
Materials

2] human insulin was purchased from Genesis (Sdo
Paulo, SP, Brazil) and routine reagents were from Sigma-
Aldrich Chemicals (St Louis, MO, USA).

Animals

All experiments were approved by the Ethics Committee at
UNICAMP. Three-week-old female and male Swiss mice
were obtained from the colony at UNICAMP. The mice
were maintained on a 12-h light/dark cycle (lights on
0600-1800 hours), controlled temperature (22 £ 1 °C)
and allowed free access to food and water after weaning
until 6 months of age. The mice were distributed into four
groups: mice that received a diet containing 17 % of pro-
tein without (CTL) or with 5 % Tau in their drinking water
(CTAU); or mice submitted to a high-fat diet containing
36 % of saturated fat without (HFD) or with Tau supple-
mentation (HTAU). Diet compositions have been reported
previously (De Souza et al. 2007).

Intraperitoneal glucose (ipGTT) and insulin tolerance
test (ipITT)

For ipGTT, blood glucose levels (time 0) were measured in
overnight fasted mice using a glucose analyzer (Accu-Chek
Advantage, Roche Diagnostic, Switzerland). A glucose
load of 2 g/kg body weight was then administered by ip
injection and additional blood samples were collected at
15, 30, 60, 120 and 180 min. For ipITT, fed mice were
injected with 1.25 U/kg body weight of human insulin

@ Springer

(Biohulin® R, Biobras, Brazil). Blood samples were col-
lected before insulin injection (time 0) and at the times 15,
30, 60 and 90 min after insulin administration for glucose
analysis.

General nutritional parameters

Body weights were measured during 19 weeks of diet and Tau
treatments. Food and water intake were monitored during the
first 3 months of the experimental period. Food efficiency was
also measured by the ratio of the subtraction of final body
weight from initial body weight divided by the total food intake
in the period and multiplying by 100 (Thomson et al. 1994). At
the end of the diet and supplementation treatments, the final
body weight and nasoanal length were measured in all groups
for calculation of the Lee index [from the ratio of body weight
(g)l/ 3/nasoanal length (cm) x 1,000] used as a predictor of
obesity in rodents (Bernardis and Patterson 1968). In addition,
fasted and fed mice were decapitated, their blood collected
and plasma was stored at —20 °C. Total plasma protein and
plasma albumin were measured using standard commercial
kits, according to the manufacturer’s instructions (Laborlab,
Guarulhos, SP, Brazil). Plasma glucose was also analyzed and
insulin was measured by radioimmunoassay (RIA; as previ-
ously reported by Ribeiro et al. 2010). Total cholesterol
(CHOL) and triglycerides (TG) were measured using standard
commercial kits, according to the manufacturer’s instructions
(Boehringer Mannhein®, Germany; Merck®, Germany).

Tau plasma levels

Plasma-free amino acids were extracted using 80 % etha-
nol containing 0.1 M HCI. The mixture was sonicated for
10 min and further homogenized for 1 h, followed by
centrifugation at 21,000g for 15 min. The supernatant was
filtered through a 0.22-mm membrane; 40 pL of the sample
was derivatized with phenylisothiocyanate (PTC) [waters
pico-tag for free amino acids (WATO 10954 Ver4)], and
20 pL of the PTC derivative was separated by chroma-
tography using a Luna C-18 5 p, 250 x 4.6-mm column
(00G-4252-EQ; Phenomenex, Torrance, CA, USA), at
50 °C, in an HPLC system (SCL-10avp, CTO10avp,
SPDm10avp; Shimadzu Scientific Instruments, Columbia,
MD, USA) with CLASS-VP 6.12 software. An amino acid
standard solution was derivatized and analyzed together
with the samples and methionine sulfone was used as an
internal control.

Islet isolation and insulin secretion
Islets were isolated by collagenase digestion of the pan-

creas. For static incubations, groups of four islets were first
incubated for 30 min at 37 °C in Krebs-Ringer bicarbonate
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(KRB) buffer with 5.6 mM glucose and 3 g of BSA/L, and
equilibrated with a mixture of 95 % 0,/5 % CO, to give
pH 7.4. This medium was then replaced with fresh buffer
and the islets incubated for 1 h in the presence of 2.8; 8.3
and 16.7 mM glucose or with 30 mM K*. Aliquots of the
supernatant at the end of the incubation period were kept at
—20 °C for posterior insulin measurement by RIA. For islet
insulin content, groups of four islets were collected and
transferred to tubes of 1.5 mL. Deionized water (1 mL)
was added to the samples, followed by disruption of the
pancreatic cells using a Polytron PT 1200 C homogenizer
(Brinkmann Instruments, NY, USA) and the islet insulin
content was also measured by RIA.

Pancreas morphometry and immunohistochemistry

For morphometric analysis, pancreases from both groups of
mice were removed, weighed and fixed for 16 h in Bouin’s
solution. After fixation, each pancreas was cut into five pieces
of similar sizes. All pancreas fragments were embedded in
paraffin and three fragments were selected (Inuwa and El
Mardi 2005). From each fragment block, exhaustive 5-pm
serial sections were obtained (every 20th section) and ran-
domly selected for insulin and glucagon immunoperoxidase
reaction. For immunohistochemistry, paraffin was removed;
the sections were rehydrated and washed with 0.05 M Tris—
saline buffer (TBS) pH 7.4, and incubated with TBS con-
taining 0.3 % H,0, for endogenous peroxidase activity
blockade and permeabilized for 1 h with TTBS (0.1 % Tween
20 and 5 g/% of fat free milk in TBS). The sections were
incubated with a polyclonal guinea pig anti-insulin (1:100;
Dako North America, Inc., CA, USA) or rabbit anti-glucagon
(1:50; Dako North America, Inc., CA, USA) antibody at4 °C
overnight and, after this period, incubated with rabbit anti-
guinea pig IgG or goat anti-rabbit conjugated antibody with
HRP for 1 h and 30 min. The positive insulin or glucagon
cells were detected with diaminobenzidine (DAB; Sigma-
Aldrich Chemicals, St Louis, MO, USA) solution (10 % DAB
and 0.2 % H,O, in TBS). Finally, the sections were quickly
stained with Ehrlich’s hematoxylin and mounted for micros-
copy observation (Carvalho et al. 2006). 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 microscope. The islet, -cell, a-cell and section
areas were analyzed using the free software, Image Tool
(http://ddsdx.uthscsa.edu/dig/itdesc.html). The islet and f-cell
mass were calculated by multiplying the pancreas weight by
the total islet or f-cell area per pancreas section.

Western blotting

For the evaluation of phospho (p)-Akt/Akt ratio, mice were
anesthetized with a mixture of ketamine (Vetbrands®,

Paulinia, SP, Brazil) and xylazine (Rompun, Bayer®, Séo
Paulo, SP, Brazil), and subsequently received an ip injec-
tion of insulin (100 uL; 1.107°M) or 0.9 % saline
(100 pL). After 5 min, fragments of the liver and the
gastrocnemius muscle were excised and immediately sol-
ubilized in homogenization buffer at 4 °C (containing:
100 mM Tris pH 7.5, 10 mM sodium pyrophosphate,
100 mM sodium fluoride, 10 mM EDTA, 10 mM sodium
vanadate, 2 mM phenylmethylsulfonyl fluoride and 1 %
Triton-X 100) using a Polytron PTA 20S generator (model
PT 10/35; Brinkmann Instruments, Westbury, NY) (Araujo
et al. 2007). The extracts were then centrifuged at
12,600g at 4 °C for 30 min to remove insoluble material.
The protein concentration in the supernatants was assayed
using the Bradford dye method (Bradford, 1974), using
BSA as a standard curve and Bradford reagent (Bio-Agency
Lab., Sao Paulo, SP, Brazil). For SDS gel electrophoresis and
Western blot analysis, the samples were homogenized with a
loading buffer containing DTT. After heating at 95 °C for
5 min, the proteins were separated by electrophoresis (100 pg
protein/lane, 8 % gels) and after that transferred to nitrocel-
lulose membranes. The membranes were subsequently blotted
with specific rabbit polyclonal antibodies to the Akt or
pAkt?}”Q'fg73 (1:1,000; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA). Visualization of specific protein bands was
done by incubating the membranes with goat anti-rabbit sec-
ondary antibody (1:10,000; Zymed Laboratories, Inc., San
Francisco, CA, USA), followed by exposure to X-ray film.
The band intensities were quantified by optical densitometry
using the free software, Image Tool (http://ddsdx.uthscsa.
edu/dig/itdesc.html).

Statistical analysis

Results are presented as mean values = SEM for the number
of determinations (n) indicated. When working with islets,
nrefers to the number of experiments performed with groups of
four islets each. The data were analyzed by two-way ANOVA
(for mean comparisons between diet and supplementation
variables) and two-way ANOVA with repeated measures (for
glucose and insulin tolerance experiments, and Akt phos-
phorylation followed by insulin administration) with Bonfer-
roni post hoc test and were performed using GraphPad Prism
version 5.00 for Windows (GraphPad Software, San Diego,
CA, USA). The level of significance was set at P < 0.05.

Results
Mice features

Figure 1 shows that body weight (BW) in HFD and HTAU
mice was significantly higher even at 6 weeks after the
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Fig. 1 a Body weight during the feeding period was measured
weekly in mice fed on HFD or CTL diet without or with Tau
supplementation. b Mean + SEM of AUC of body weight registered
during the 19 weeks of diets and Tau treatments obtained from 10 to

CTL CTAU HFD HTAU

12 mice for each group. Asterisk significant difference between HFD
and HTAU groups compared to controls. The letters over the bars
represent significant differences (P < 0.05)

Table 1 Obesity parameters (BW, Lee index and fat pad weight in CTL, CTAU, HFD and HTAU mice)

CTL CTAU HFD HTAU
BW (g) 47 + 1° 45 + 1° 62 + 2° 64 + 2°
Nasoanal length (cm) 10.4 £+ 0.05 10.6 £ 0.10 10.7 £+ 0.05 10.8 £ 0.07
Lee index 346 + 3° 340 4 4° 358 + 3° 364 + 3°
Retroperitoneal fat pad (mg) 459 + 417 386 + 35% 720 + 41° 732 4 44°
Perigonadal fat pad (g) 1.9+02 2.1 +£0.3 2.6 +04 28+ 04
Data are mean values + SEM (n = 7-30)
BW body weight
Different letters indicate significant differences (P < 0.05)
plasta glucose. nsulin, TG, CIL CTAU HFD HTAU
CHOL, albumin, toital p.roteins Glucose (mg/dL)
and Tau concentrations in CTL, ac a b .
CTAU, HFD and HTAU mice Fasted 93 £ 6™ 91 £ 6 142 £ 7 117 £ 7
Fed 130 + 8° 135 £ 9° 184 + 13° 150 + 10*°
Insulin (ng/mL)
Fasted 0.99 4+ 0.2% 0.87 + 0.2* 34 +0.5° 1.9 +0.3*
Fed 3.1 405 3.3 4+ 05 6.1 £ 0.4° 3.5+ 0.3*
TG (mg/dL)
Fasted 133 £ 15 137 £ 19 125+ 9 121 + 11
Fed 131 + 10 138 + 10 119 + 12 110 £ 10
CHOL (mg/dL)
Fasted 176 £ 15 174 + 14 200 £ 13 218 + 16
Fed 199 + 7*° 187 £ 9° 239 + 5° 230 + 14¢
Albumin (g/dL)
Fed 43 +£02 48 £0.2 48 £0.2 50+02
Total proteins (g/dL)
Data are mean values & SEM Fed 74 +£03 8.1+ 0.6 83+ 04 8.6 + 0.8
(n = 13-17). Different letters Tau (uLM/L)
indicate significant differences Fed 162 + 1° 42.7+2° 155 + 0.3* 24.0 & 2.3°

(P < 0.05)
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onset of the diet, when compared with CTL mice. The total
body weight expressed by the area under the curve (AUC)
during the experimental period was also higher in HFD and
HTAU mice compared with CTL (Fig. 1b; P < 0.001).
Food and water intakes as well as food efficiency were
similar between all groups (data not shown). Also, at the
end of experimental period, mice submitted to HFD
showed increased final BW, retroperitoneal fat pads
and Lee index compared with CTL mice (P < 0.02 and
P < 0.0001, respectively; Table 1). In addition, liver and
heart weights were higher in the HFD group (3.5 £ 0.2 g
and 181 + 5 mg, respectively) compared with the CTL
group (2.4 £ 0.1 g and 153 + 4 mg, respectively; P <
0.0001). Tau supplementation did not modify the alterations

in BW, fat accumulation and organ weight in HTAU mice
(35+02¢g and 177 £5 mg, for liver and spleen,
respectively) (Table 1). Fasted and fed HFD mice were
hyperglycemic and hyperinsulinemic compared with CTL
(P < 0.0001; Table 2). Fed CHOL plasma levels were also
higher in HFD group, whereas TG, albumin and total
protein concentrations were similar between the HFD and
CTL groups. Under fasting and fed conditions, the HTAU
group showed improved plasma glucose and insulin con-
centrations compared with the HFD group (Table 2). In
addition, the supplementation methodology applied in our
study efficiently increased Tau plasma levels in HTAU and
CTAU groups, when compared with their respective con-
trols (P < 0.01 and P < 0.0001, respectively; Table 2).
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Fig. 2 Changes in plasma glucose levels during ipGTT (a) and ipITT
(¢) in CTL, CTAU, HFD and HTAU mice. Total glucose plasma
concentration during the ipGTT (b) and ipITT (d) expressed by AUC.
Data are mean values £ SEM obtained from 13 to 19 mice for each

group. The different letters in each glycemia point of ipITT and over
the bars represent significant differences. Asterisk HFD and HTAU
were different from CTL and CTAU. Hash indicates difference
between the HTAU and HFD group, P < 0.05
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Glucose tolerance and insulin sensitiveness

At the end of the treatment period, mice were submitted to
an ipGTT and ipITT. Figure 2a shows that after a glucose
load, plasma glucose concentration reached maximal levels
at 60 min in all groups. Higher plasma glucose levels were
observed in HFD compared to the CTL group at all times
of the test (Fig. 2a), whereas HTAU mice showed lower
glycemia at 120 and 180 min compared with HFD mice
(P < 0.0001). The AUC during the ipGTT in HFD was
higher than that of the CTL group (P < 0.0001; Fig. 2b).
This impaired glucose tolerance was in accordance with a
lower insulin action, demonstrated by a delay in the glu-
cose disappearance rate in HFD compared with CTL mice
during ipITT (Fig. 2c). The AUC during ipITT was also
higher in HFD than CTL group (P < 0.001; Fig. 2d). Tau
supplementation enhanced glucose tolerance and insulin
sensitivity with glucose levels during ipGTT and ipITT that
fell between those observed for CTL and HFD mice
(Fig. 2b, d).

For demonstrated effective Akt phosphorylation and
activation after insulin administration, the ratio of band
densitometry of pAkt is divided by total Akt content
(Gomez-Perez et al. 2011), since this result excludes any

A
PAKt; 53 | — — — -l
Akty | —— — e S e s =]
80 1 c
a
60
<
Q
f a,b
= b
R
Q40 1
iy
=<
<
=¥
1S3
20 4
0
- + - + - + - +
CTL CTAU HFD HTAU

Fig. 3 pAktT5y*/Akt, /3 protein expression in CTL, CTAU, HFD
and HTAU mice. Mice of both experimental groups were anesthetized
and received an ip injection of 0.9 % saline (100 pL) (—) or insulin
(100 pL; 1.107% M) (4). After 5 min, fragments were obtained from
liver (a) and gastrocnemius muscle (b) and used for immunoblotting
experiments. The bars represent mean values £ SEM of the
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pAkt increase due to alterations in Akt total amount. It is
necessary to state that, in our study, Akt protein levels were
similar in the liver and gastrocnemius muscle of all groups.
Insulin administration efficiently increased pAkt expres-
sion (Fig. 3). Liver pAkt/Akt ratio in response to insulin
administration was similar between HFD and CTL groups,
whereas HTAU showed 25 and 30 % higher pAkt/Akt ratio
in the liver of CTL and HFD mice, respectively
(P < 0.001; Fig. 3a). No difference between pAkt/Akt
ratio was noticed in the gastrocnemius muscles for any of
the groups (Fig. 3b).

Insulin secretion and islet insulin content

Figure 3a shows glucose-induced insulin secretion in iso-
lated islets from all groups of mice. At stimulatory glucose
concentrations (8.3 and 16.7 mM), insulin secretion was
higher in HFD compared with CTL islets (P < 0.0001;
Fig. 4a). HFD islets also secreted more insulin at 2.8 mM
glucose plus 30 mM K (P < 0.05; Fig. 4b). Isolated islets
from HTAU showed a similar glucose-induced insulin
secretion compared with islets isolated from CTL mice
(Fig. 4a); however, and differently than that observed for
glucose, at 30 mM K™, a similar insulin secretion was

B
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g
d
-
hr]
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=<
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percentage from the ratio of densitometry values of pAkt divided
by total Akt protein content in the liver (a) and gastrocnemius muscle
(b) from CTL (n = 8), CTAU (n = 7), HFD (n = 8) and HTAU
(n = 8) mice treated with saline (—) or insulin (4). Different letters
over the bars indicate significant differences, P < 0.05
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Fig. 4 a Glucose and b K*-induced insulin secretion in isolated islets
from CTL, CTAU, HFD and HTAU mice. For static insulin secretion,
groups of four islets were incubated for 1 h with 2.8, 8.3, 16.7 mM
glucose (G) or 2.8 mM glucose plus 30 mM K*. Data are mean
values &= SEM obtained from 30 to 34 groups of islets. Different
letters over the bars indicate significant differences, P < 0.05

registered in HTAU and HFD islets (Fig. 4b). Total insulin
content in HFD was 78 % higher than that of CTL islets
(192 £ 22 and 108 £ 9 ngfislet, respectively; P < 0.0001),
whereas in HTAU islets the insulin content was similar
to that of the controls (HTAU 130 £ 11 and CTAU
103 £ 8 ng/islet).

Pancreatic islet morphology and morphometry

Table 3 shows pancreatic morphometry of all groups of
mice. Pancreas weight was similar between HFD and
CTL mice but higher in HTAU compared with CTL
(P < 0.001). Histological analysis revealed that pancreatic
islets from HFD were hypertrophic with increased f-cell
area compared with the CTL group (P < 0.001; Fig. 6),
without alterations in the o-cell area (Table 3). In addition,
islet and f-cell mass were higher in HFD compared with
the CTL group (P < 0.05). The alterations in islet and
p-cell areas observed in the HFD were partially prevented
in the HTAU group (Table 3). However, the f-cell and
islet mass in the pancreas of HTAU was similar to that of
CTL mice (Fig. 5). The number of islets per pancreatic
section was similar between the CTL, HFD and HTAU
groups, whereas in the CTAU group, the amount of islets
per section was significantly lower than for the HFD and
HTAU groups (P < 0.05 and P < 0.001, respectively). The
morphology and cytoarchitecture of the islets were not
altered by HFD or Tau treatment (Fig. 6).

Discussion

In our study, and in agreement with previous reports
(Ahren and Pacini 2002; De Souza et al. 2007; Tsuboyama-
Kasaoka et al. 2006; Winzell et al. 2007; Araujo et al.
2007), HFD mice presented higher body weight, increased
fat pad depots, hyperglycemia, hyperinsulinemia, glucose
intolerance and insulin resistance. Furthermore, isolated
islets from HFD mice secreted more insulin associated with
islet and f-cell hyperplasia and hypertrophy. These data
confirm that HFD was effective in inducing obesity and a
T2DM phenotype. In addition, we demonstrated, for the
first time, that Tau supplementation prevented pancreatic
p-cell morphologic and functional compensatory adapta-
tions in HFD, accompanied by improvements in glucose
homeostasis and insulin action.

Several reports have shown that decreased Tau plasma
concentrations disrupt glucose homeostasis (Anuradha and
Balakrishnan 1999; Colivicchi et al. 2004; Tsuboyama-
Kasaoka et al. 2006), whereas restoration of Tau plasma
levels ameliorated glucose control and insulin sensitivity
(Anuradha and Balakrishnan 1999; Nakaya et al. 2000;
Nandhini and Anuradha 2002; Tsuboyama-Kasaoka et al.
2006; Loizzo et al. 2007; Carneiro et al. 2009; Ribeiro et al.
2009). Tau enhances insulin’s actions probably by acting
on the insulin receptor (IR) (Maturo and Kulakowski
1988); we demonstrated that an ip injection of Tau
increased IR phosphorylation in the liver and muscle with a
similar level to that induced by insulin (Carneiro et al.
2009).
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Table 3 Morphometric analysis of the pancreas from CTL, CTAU, HFD and HTAU mice

CTL CTAU HFD HTAU
Pancreas weight (mg) 274 4 217 350 £+ 17*° 344 4 30*° 394 4 23°
p-cell area (um?) 15,747 £ 1,173 13,228 + 1,059° 30,463 + 2,265" 24,151 + 1,669°
a-cell area (um?) 3,472 + 508 2,488 + 297 3,524 + 534 2,593 + 325
Islet area (um?) 17,471 + 1,120 15,977 + 1,049 38,305 & 2,874° 31,579 % 2,090°
Islet number per section 8.41 £ 0.61*° 6.67 + 0.51° 9.04 £ 0.66* 9.68 + 0.73*
Number of islets analyzed 353 248 375 395

Data are mean values = SEM. For parameters’ calculations, see “Materials and methods”. Different letters indicate significant differences (P < 0.05)
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Fig. 5 p-cell (a) and islet mass (b) of the endocrine pancreas from
CTL, CTAU, HFD and HTAU mice. The islet and f-cell mass were
calculated by multiplying the pancreas weight by the total f-cell or

Here, although HFD mice did not present any alteration
in Tau plasma levels, the HTAU group showed enhanced
Tau plasma concentrations (Table 2) and we also observed
increased Akt phosphorylation in the liver of HTAU mice
after an ip administration of insulin (Fig. 3a). It was also
reported that Tau increased Akt phosphorylation and pro-
moted cardiomyocyte protection against doxorubicin-
induced cardiac oxidative stress (Das et al. 2011). By
enhancing phosphoinositide 3-kinase (PI3K)/Akt activa-
tion, Tau also prevented liver insulin resistance induced by
a 48-h intralipid plus heparin infusion (Wu et al. 2010). As
such, the increased pAkt/Akt ratio in the liver of HTAU
mice may be responsible for the improvement of insulinemia
and glycemia in this group (Table 2). This assumption is
based on the fact that Akt regulates liver glucose storage
via phosphorylation and inactivation of the GSK3 (glyco-
gen synthase kinase 3). In addition, Akt inactivates tran-
scription factors such as Foxol (forkhead transcription
factors) and PGC-lo (peroxisome proliferator-activated
receptor-coactivator 1)) that regulate the expression of
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islet area per pancreas section. Data are mean values £ SEM
obtained from 18 to 26 pancreas sections analyzed. Different letters
over the bars indicate significant differences, P < 0.05

genes involved in gluconeogenesis and fatty acid oxidation
(Whiteman et al. 2002; Li et al. 2007).

Our data demonstrated that Tau enhanced insulin sig-
naling and preserved f-cell secretory function, since
HTAU released insulin in a similar manner to that of CTL
islets in the presence of glucose (Fig. 4a). In addition,
insulinemia in HTAU was significantly lower than in HFD
mice (Table 2).

We have shown that Tau supplementation improved
p-cell responsiveness to glucose in normal and prediabetic
rodents, regulating islet Ca** handling and expression of
p-cell proteins involved in the stimulus/secretion coupling
(Ribeiro et al. 2009; Ribeiro et al. 2010; Batista et al.
2012). However, the mechanism by which Tau prevents
f-cell dysfunction in obesity has been less explored. It has
been demonstrated that reduced insulin secretion in obese
subjects, submitted to a 48-h intralipid infusion, was pre-
vented by Tau treatment (Xiao et al. 2008). Oprescu et al.
(2007) observed that oleate infusion decreased C peptide
plasma concentrations in rats. They also showed a normal
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Fig. 6 Histological analysis of
the endocrine pancreas. Panels
show paraffin-embedded tissue
sections (5-pm thick) of
pancreas, from CTL (a, e),
CTAU (b, f), HFD (c, g) and
HTAU (d, h), which were
immunolabelled for insulin
(a—d) or glucagon (e-h). Bar
50 pm

p-cell secretory response in isolated islets incubated with ~ showed reduced f-cell autophagy (Kaniuk et al. 2007). It
oleate plus Tau. In addition, INS1 832/13 cells, incubated ~ has been suggested that the potential preventive effect of
with high glucose concentrations, together with Tau,  Tau in fS-cell dysfunction, in the presence of glucose or
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fatty acids, is due to the antioxidant properties of the amino
acid (Kaniuk et al. 2007; Oprescu et al. 2007; Xiao et al.
2008). Considering that Tau interacts with IR (Maturo and
Kulakowski 1988; Carneiro et al. 2009), associated with
the fact that the pAkt/Akt ratio was higher in the liver of
HTAU mice (Fig. 3a), we suggest that Tau-induced preser-
vation of ff-cell function may also be due to an enhancement in
the autocrine insulin signaling in these cells.

The inhibitory autocrine action of insulin is via PI3K
(Zawalich and Zawalich 2000; Zawalich et al. 2002).
Insulin also regulates its own gene transcription (Persaud
et al. 2008) and, via interaction with IR and the insulin
like-growth factor receptor, activates Akt and ERKI1/2,
which are involved in f-cell proliferation and apoptosis
(Elghazi et al. 2006; Lawrence et al. 2008). Thus, the
increased Tau concentration in the islet microenvironment,
induced by supplementation, together with the insulin secre-
ted by the f-cells may account for the prevention of islet
insulin hypersecretion and contribute to the maintenance of
normal islet and f-cell mass in HTAU mice (Figs. 4a, 5).

At the present time, we do not have a clear explanation
as to why obesity was not prevented in HTAU mice, since
several reports have shown that Tau supplementation
exerts a negative effect upon fat accumulation in different
rodent models of obesity (Tsuboyama-Kasaoka et al. 2006;
Nardelli et al. 2011). We can only speculate that Tau
effects and sensitivity differ between species and mice
strain used.

In conclusion, our study shows that Tau supplementa-
tion ameliorates glucose homeostasis in mice submitted to
HFD and prevents f-cell hypersecretion, as well as f-cell
and islet mass compensatory alterations induced by the
insulin-resistant state. These effects may be due, at least in
part, to enhancing insulin signaling via phosphorylation of
Akt.
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