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Abstract Sitagliptin (SIT) is a dipeptidyl peptidase-4 (DPP-
4) inhibitor that enhances the effects of incretin hormones,
such as Glucose-dependent Insulinotropic Peptide (also
known as Gastric Inhibitory Polypeptide, GIP) and
Glucagon-Like Peptide 1 (GLP-1). We have now evaluated
the effect of SIT on proliferation of neural progenitors in dia-
betic mice. A condition resembling the non-obese type 2 dia-
betes mellitus (D2) was achieved by a combination of
streptozotocin and nicotinamide (NA-STZ), whereas a type
1-like disease (D1) was provoked by STZ without NA. Non-
diabetic mice received vehicle injections. Cell proliferation
was estimated by bromodeoxyuridine (BrdU) incorporation
in two different regions of the subventricular zone (SVZ),
the largest reserve of neural stem cells in the adult brain. SIT
treatment did not modify the high fasting blood glucose (BG)
levels and intraperitoneal glucose tolerance test (IPGTT) of
D1 mice. By contrast, in D2 mice, SIT treatment significantly
reduced BG and IPGTT. Both D1 and D2 mice showed a
substantial reduction of BrdU labeling in the SVZ.
Remarkably, SIT treatment improved BrdU labeling in both
conditions. Our findings suggest that SIT would protect pro-
liferation of neural progenitor cells even in the presence of
non-controlled diabetic alterations.
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Introduction

Interventions to prevent and treat the classic microvascular
and macrovascular diabetic complications have significantly
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increased life expectancy of diabetic patients. However, dia-
betes is significantly associated to dementia and cognitive
impairment, both in human subjects with type 1 and type 2
diabetes mellitus (T1DM and T2DM) (Desrocher and Rovet
2004; Greenwood and Winocur 2005; Messier 2005). A re-
cent meta-analysis estimates that the relative risk for subjects
with diabetes compared with the non-diabetic population was
1.46 for Alzheimer’s disease, 2.4 for vascular dementia, 1.51
for any dementia, and 1.21 for mild cognitive impairment
(Cheng et al. 2012). Thus, the brain can be considered a direct
target organ for diabetes (Strachan 2011): chronic hypergly-
cemia will promote development of cerebral microvascular
disease, whereas recurrent hypoglycemia might also be dele-
terious to nerve cells. Diabetes not only affects glucose me-
tabolism, insulin signaling, and mitochondrial function in the
brain, but also disrupts metabolism of A3 and tau inducing
Alzheimer’s disease-like pathological changes (Sato and
Morishita 2014).

Furthermore, depletion of neurogenic cell niches in the
hippocampal dentate gyrus and the subventricular zone
(SVZ) has been shown in various experimental models of
diabetes (Bachor and Suburo 2012; Beauquis et al. 2006;
Jackson-Guilford et al. 2000; Lang et al. 2009).
Experimental diabetes also reduces the number of surviving
neurons. It has been estimated that neuronal production at
7 weeks after streptozotocin (STZ)-diabetes induction is less
than 20 % of that found in healthy mice (Zhang et al. 2008). In
the non-obese diabetic (NOD) mice, a spontaneous T1DM
model, glial activation and a decrease in the survival of newly
formed neurons can be detected even before the appearance of
diabetic clinical symptoms (Beauquis et al. 2008; Saravia
et al. 2002). It has also been demonstrated that hypoglycemia
induces transient neurogenesis in the hippocampus, which is
followed by reduction of neuroblasts (Suh et al. 2005).

The use of sitagliptin phosphate (SIT) has been approved
by the US Food and Drug Administration (FDA) to improve
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glycemic control in T2DM patients, alone or in combination
with metformin or thiazolidinediones (Zerilli and Pyon 2007).
As other members of the gliptin family, SIT is a dipeptidyl
peptidase-4 (DPP-4) inhibitor that enhances the effects of
incretin hormones. These hormones are responsible for the
difference between the insulin response evoked by an oral
glucose load and that elicited by an intravenous glucose injec-
tion producing the same plasma glucose concentrations
(Creutzfeldt and Ebert 1985). Response to the main incretin
hormones, Glucagon-Like Peptide 1 (GLP-1) and Glucose-
dependent Insulinotropic Peptide (also known as Gastric
Inhibitory Polypeptide, GIP) is deficient in T2DM patients
(Nauck et al. 2004). Hyperglycemia attenuates islet GIP re-
ceptor expression, but GLP-1 can still stimulate insulin secre-
tion in T2DM. Thus, GLP-1 has become the parent compound
for incretin-directed therapeutics in T2DM (Drucker and
Nauck 2006). Recent investigations have shown that SIT also
has a beneficial effect on TIDM patients (Ellis et al. 2011;
Zhao et al. 2014), suggesting that incretins may also be in-
volved in this condition. Moreover, SIT and other gliptins
afford neuroprotection in TIDM and T2DM mice models
(Darsalia et al. 2013, 2014; Kosaraju et al. 2013; Pintana
et al. 2013; Sakr 2013).

We studied the effect of SIT on neuroprogenitors in the
mouse SVZ, as this neurogenic niche contains the largest re-
serve of proliferating neural stem cells (Codega et al. 2014;
Gil-Perotin etal. 2013). A condition resembling the non-obese
T2DM was achieved by a combination of STZ and nicotin-
amide (NA), whereas a TIDM-like disease was provoked by
STZ without NA (Nakamura et al. 2006). In the text, we will
refer to these experimental conditions as D2 and D1.

Methods
Animals

Male C57BI1/6J mice (5 to 7-weeks old) were bred and cared
according to the “U.S. Public Health Service’s Policy on
Humane Care Research Use of Laboratory Animals (PHS
policy)”, with food and water ad libitum. Procedures were
approved by the Animal Care Committee of our Institution.
To reduce stress and other possible environmental con-
founders, experiments were carried out in males from litters
of the same age that were weaned to a single large cage. Mice
in group 1 were 7 weeks-old (n = 12), whereas those in group
2 had 5 weeks (n = 12) at the beginning of the experiment.

Blood glucose measurements
Blood glucose (BG) was measured in a small blood drop from

the tail vein using a Lifescan© Surestep® (Johnson & Johnson
Medical, Argentina) glucose meter and reactive strips.

@ Springer

Intraperitoneal Glucose Tolerance Tests (IPGTTs) were done
2 days before the experimental end-point. Fasting BG was
determined 6 h after food withdrawal (Andrikopoulos et al.
2008), without water restriction. After ip glucose injection
(2 g/kg), BG was evaluated at 15, 30 and 60 min. Glucose
tolerance was calculated as the area under the curve (AUC) for
the first 60 min.

Diabetes induction

In group D1, diabetes was induced by STZ (100 mg/kg, ip;
Sigma-Aldrich Co., St. Louis) diluted in citrate buffer
(pH 4.5). Mice were fasted during 4 h before injection. The
procedure was repeated after 2 days (day 3). Mice in group D2
received nicotinamide (NA; 120 mg/kg, ip; Sigma-Aldrich
Co., St. Louis) 15 min before STZ. Both injections were re-
peated after 2 days. Non-diabetic (Non-D) animals received
the same volumes of citrate buffer.

Beginning on day 4, and until day 18, half of the diabetic
animals, groups D1 + S and D2 + S, received daily SIT injec-
tions (Januvia, Merck, Sharp & Dohme, Argentina;
100 mg/kg/day, ip) (Jackson and Mi 2008). Non-D and un-
treated diabetic mice (D1 and D2) were given the same vol-
umes of saline solution. As an additional control, a different
group of healthy Non-D mice received saline (n = 4) or SIT
(n =4) injections during 15 days.

Bromodeoxyuridine incorporation
and immunohistochemistry

Twenty-four hours before fixation, mice received a single 5-
bromo-2'-deoxyuridine (BrdU; 150 mg/kg, ip; Sigma-Aldrich
Co., St. Louis) injection. On day 19, mice were deeply anes-
thetized and perfused as previously described (Castafieda et al.
2011). A mouse stainless steel coronal brain matrix (David
Kopf Instruments, Tujunga, CA) was used to slice the brain.
Slices between +1.70 and —0.80 AP (Paxinos and Franklin
2001) were embedded in OCT and snap frozen in N,-cooled
isopentane. Each frozen block contained slices from two
brains. Seriate cryosections (10 wm) were mounted on glass
slides that were stained with Cresyl Violet or processed for
BrdU immunohistochemistry. DNA denaturalization was car-
ried out in 2N HCl plus 5 % Triton-X100 (Sigma-Aldrich Co.,
St. Louis MO) during 60 min at room temperature. Sections
were first washed in 0.1 M sodium borate buffer (pH 8.5) and
then phosphate-buffered saline (PBS). They were then incu-
bated with a rat monoclonal anti-BrdU (Abcam® ab6326).
Detection was made with biotinylated secondary antibodies,
the avidin-biotin peroxidase complex (Vectastain® Elite ABC
peroxidase kit, Vector Labs, Burlingame, CA) and nickel-
enhanced diaminobencidine reaction (Castafieda et al. 2011).
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Image analysis and statistics

For quantification of BrdU+ nuclei, we immunostained each
10th slide and selected those containing sections between +1.00
and bregma (Paxinos and Franklin 2001). In the selected sec-
tions (46 per brain), the regions of interest (ROIs) around the
lateral ventricle were photographed at 40x. A blind operator
examined the photomontages and measured immunoreactive
areas in the lateral wall (LW) and the subcallosal enlargement
(SCE). The LW region included all labeled nuclei adjacent to
the ventricular wall along a 400 um segment ventral to the
dorsolateral angle of the lateral ventricle. The SCE was defined
as the region underlying the corpus callosum (CC) that tapers
into the Rostral Migratory Stream (RMS). The SCE included
all labeled nuclei placed between the dorsolateral angle and an
arbitrary line placed at 400 um from that angle (Fig. 1). An
arbitrary threshold value was defined in order to convert all
pixels lighter than this value into white and pixels darker that
this value into black. The resulting segregated area (dark pixels
only) was measured by an automatic action (Adobe
Photoshop© CS6). In all cases the same threshold value was
used. The results are given as BrdU pixels/ROL

GraphPad Prism 5.00 for Windows (GraphPad Software,
San Diego California USA, www.graphpad.com) was used for
statistical comparisons and calculations of area under the

Fig. 1 A Cresyl Violet-stained brain coronal section showing the lateral
ventricle and the regions of interest used for BrdU immunoreactivity
scoring. Dashed rectangles show the regions areas used for
quantification. We scored all immunoreactive nuclei placed along a
400 pum distance beginning at the dorsalmost border of the LW region,
or at the medialmost border of the SCE. Abbreviations for this and other
figures: CC corpus callosum, LV lateral ventricle, LW lateral wall, S
septum, ST striatum, SAL saline, SCE subcallosal enlargment, SIT
sitagliptin. Calibration bar, 400 pm

curve (AUC). Data was compared by ANOVA followed by
Newman-Keuls multiple comparison tests.

Results
Metabolic outcomes

Diabetic mice weighted less than the corresponding Non-D
animals, in both D1 and D2 groups (Table 1). Initially, all mice
showed BG levels in the normal range for this strain. At the
end of the experiment, D1 mice, with or without SIT, showed
very high fasting BG levels, exceeding the measuring limit of
glucose strips.

Fasting BG levels were only moderately increased in the
D2 group. After SIT treatment (D2 + SIT), fasting BG levels
showed no statistical significant difference with BG values in
Non-D mice (Table 1). An abnormally high IPGTT appeared
in D2 mice, whereas Non-D and SIT-treated D2 mice showed
similar values (Table 2).

BrdU incorporation in the subventricular zone

As has been extensively described (Landgren and Curtis
2011), BrdU labeled nuclei were selectively located along
the lateral wall (LW) of the lateral ventricle. A significant
number, however, also appeared along the dorsal wall
(Castaneda et al. 2010; Ventura and Goldman 2007). A cluster
oflabeled nuclei showed at the SCE and extended to the RMS.
SIT treatment for 18 days did not modify BrdU labeling pat-
terns in the SVZ of healthy Non-D mice (Fig. 2).

Few labeled nuclei appeared in the ventricular LW of D1
and D2 mice. After SIT treatment, however, the amount of
labeled nuclei was much higher than in the corresponding
diabetic animals (Fig. 3). The SCE showed a similar pattern,
with a large decrease of labeled nuclei in diabetic (D1 and D2)

Table 1 Body weights and fasting glucose levels at 18 days post-
diabetes induction
Non-D D1 D1 +S
Body weight 320+04 284 + 0.2¥¥*  26.5 + 0.5%**
Fasting blood glucose 159.3 + 12.3  >486.0 >486.0
Non-D D2 D2+S
Body weight 26.8 + 0.8 21.5 £ 0.9%**  20.1 + 0.5%**
Fasting blood glucose 126.6 + 9.8  257.5 + 32.7%* 171.8 + 26.2*

One Way ANOVA followed by Newman-Keuls Multiple Comparison
Test was used for statistical comparisons. Differences in weight for all
diabetic mice were statistically significant (p < 0.001). Fasting BG levels
in D1 mice exceeded the measurement range. In D2 mice they were
significantly higher than in control mice (p < 0.01). In SIT-treated D2
mice (D2 + S) fasting BG levels were lower than in untreated D2 mice
(p < 0.05), but were not different from fasting BG levels in controls
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Table 2 Intraperitoneal glucose tolerance test

AUCg0min D1 D2

Non-diabetic 14,060 + 180 10,370 + 261 %***
Diabetic >29,000 18,690 + 1959
Diabetic + SIT >29,000 12,380 + 604**

Results are given as the AUC for the first 60 min of the IPGTT curve after
glucose overload. AUCs for treated and untreated D1 mice are estimative.
AUCs for D2 mice were significantly higher than AUCs in Non-D
(»<0.001) and SIT-treated D2 mice (p < 0.01). No statistically significant
differences appeared between Non-D and SIT-treated D2 mice

animals and an almost normal labeling pattern in SIT-treated
diabetic mice (Fig. 4). Observations were confirmed by quan-
titative analysis. BrdU labeling in D1 and D2 mice showed
very low values, statistically different from those of Non-D
mice. Decrease was almost nil in the LW and the SCE of SIT-
treated diabetic mice. In D1 + SIT mice, BrdU immunoreac-
tivity was still significantly lower than in Non-D animals. By
contrast, BrdU labeling in D2 + SIT mice was not different
from that in Non-D mice (Fig. 5).

Discussion
Streptozotocin-induced diabetes and sitagliptin

Under the conditions of our experiment, mice treated with two
STZ doses (D1 mice) developed a severe non-obese T1DM-
like condition, with very high fasting BG levels and abnormal
IPGTTs. Mice treated with NA followed by STZ (D2 mice)
showed a moderate increase in fasting BG with an 80 % am-
plification of the IPGTT curve area. Thus, metabolic
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Fig. 2 BrdU immunostaining in the SVZ of healthy Non-D mice
receiving SAL or SIT during 15 days. Left, no differences between
mice receiving SAL- or SIT could be detected along the ventricular
lateral wall. Right, the SCE of SAL and SIT-treated mice showed
similar BrdU immunostaining patterns. Calibration bars, 100 pm
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conditions of D2 mice resembled those of a non-obese
T2DM-like condition (American Diabetes 2010). Their BG
levels and glucose tolerance were within the range of those
previously reported for NA-STZ-induced diabetes in C57BIl6
mice (Shimizu et al. 2012). As shown in the ICR strain, NA-
STZ reduces the amount of pancreatic insulin to about 50 % of
normal levels, with little insulin resistance (Tahara et al. 2008).

SIT treatment did not significantly modify metabolic pa-
rameters in D1 mice. By contrast, fasting BG levels and the
IPGTT curve areas were significantly reduced in SIT-treated
D2 mice. As has been shown by others, SIT can preserve the
[3-cell mass in several T2DM-like models (Mu et al. 2009;
Poucher et al. 2012). In our experiments, reversal of metabolic
diabetic signs was only observed in D2 mice. Remarkably, it
could be observed at less than 3 weeks of daily SIT adminis-
tration. Functional recovery, however, has also been observed
after a single SIT administration, given one week after NA-
STZ diabetes induction (Tahara et al. 2008). Islet protection
under T1DM conditions might require treatment before dia-
betes induction, since des-fluoro-sitagliptin oral administra-
tion beginning 14 days before STZ administration
(5§ x 50 mg/kg) reduces islet cell death and hyperglycemia
(Takeda et al. 2012).

Diabetes and proliferation of adult neuroprogenitors

Similar decreases of BrdU incorporation were evident in the
LW of the lateral ventricle and in the SCE, both in D1 and D2
mice. Neurogenesis impairment in STZ-diabetic mice has
been previously shown (Beauquis et al. 2006; Jackson-
Guilford et al. 2000; Saravia et al. 2004). However, the effects
of T2DM on neurogenic niches are far from clear. In the
Zucker diabetic fatty rat, a T2DM-like model, cell prolifera-
tion and neuronal differentiation are always lower than in
Non-D rats, even after blood glucose levels have been normal-
ized by exercise (Hwang et al. 2010; Yi et al. 2009). By con-
trast, in the Goto-Kakizaki rat, neuroprogenitor proliferation
increases together with a decrease in survival of newly-born
neurons (Beauquis et al. 2010; Lang et al. 2009). A prolifera-
tion increase has also been reported in the SVZ of db/db mice
(Ramos-Rodriguez et al. 2014). Our observations suggest that
the proliferation decrease would not solely depend on glucose
levels, since mice with dissimilar fasting BG levels and
marked differences in glucose tolerance showed similar
BrdU incorporation patterns.

Under the conditions of our experiments, the single injec-
tion of BrdU would label a cohort of cells that were in S phase
at the time of the injection (Nowakowski et al. 1989) and
progressed through the cell cycle during the following 24 h.
Activated neural stem cells (B1 cells) generate intermediate
progenitor cells (C cells). These cells divide symmetrically
approximately three times before becoming migratory
neuroblasts (A cells), which divide one or two more times
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Fig.3 BrdU immunoreactivity in
the ventricular lateral wall of the
different experimental groups.
Immunoreactive nuclei were
randomly distributed along the %
ventricular wall, close to the ‘ Lv
striatum (ST). A large reduction

of BrdU immunoreactivity can be Lv
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animals. After SIT treatment, ;

BrdU immunostaining was
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in the Non-D animals. Calibration Y
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while migrating to the olfactory bulb (Ponti et al. 2013).
Therefore, the observed decrease in BrdU nuclear incorpora-
tion most likely reflects a depletion of these cycling subpop-
ulations. Their decline could in turn obey to cell death
(Mansouri et al. 2012) and/or lengthening of the cell cycle.
Proliferation impairment in the diabetic neurogenic niches has
been associated with elevated glucocorticoid levels and to
down-regulation of brain-derived neurotrophic factor
(BDNF) expression (Guo et al. 2010). BDNF also restores
proliferation of neural progenitors affected by products of
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lipid peroxidation (Park et al. 2010). Exercise and dietary
energy restriction, which have antidiabetic effects, can en-
hance neurogenesis in rodents (Lee et al. 2002; Stranahan
et al. 2006; van Praag et al. 1999).

Sitagliptin, the diabetic milieu and neuroprogenitor cell
proliferation

After SIT treatment, D1 and D2 showed little or no impair-
ment of BrdU incorporation. Fasting BG levels and glucose
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Fig.4 The subcallosal enlargement, placed between the corpus callosum
(CC) and the striatum (ST), showed numerous BrdU immunoreactive
nuclei. These nuclei were clustered close to the dorsolateral angle of the
lateral ventricle (left border of all images), and their number tapered

towards the periphery. BrdU immunoreactivity almost disappeared in
D1 and D2 diabetic animals. By contrast, in SIT-treated diabetic
animals, BrdU immunoreactivy appeared close to the normal range.
Calibration bar, 100 pm
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Fig. 5 Quantification of BrdU immunoreactive areas in the SVZ of D1
and D2 mice. Values from Non-D mice from D1 and D2 experiments
were not statistically different and had been pooled for this ANOVA
analysis. Right, in the lateral wall, both D1 and D2 reduced labeling to
about half of the non-diabetic values. Reduction was minimal in D1 SIT-

tolerance in D2 + SIT mice were not statistically different
from those of control mice, suggesting that maintenance of
neuroprogenitor proliferation in these animals might be as-
cribed to amelioration of the diabetic condition. However,
SIT also protected neuroprogenitor proliferation in D1 mice,
without a parallel modification of fasting BG levels and glu-
cose tolerance. Thus, maintenance of normal proliferation in
the SVZ neurogenic niche might represent a direct effect of
DPP-4 inhibition in the brain.

A SIT-induced increase in brain GLP-1 levels
(D’Amico et al. 2010) would most likely be involved,
since several beneficial effects of GLP-1 analogs on the
brain have been described. These analogs prevent brain
damage in a diabetic background (Chen et al. 2011;
Darsalia et al. 2012; Hamilton et al. 2011; Hunter and
Holscher 2012), and provide neuroprotection in models
of Alzheimer’s and Huntington’s diseases (Li et al. 2010;
Martin et al. 2009; Perry and Greig 2005).

On the other hand, gliptin effects might be mediated by
other peptides, with or without incretin properties (Omar and
Ahren 2014). GIP, one of the incretins, has been related to
proliferation of neural progenitor cells in the hippocampus
(Faivre et al. 2012; Nyberg et al. 2005). Among non-incretins,
the stromal-derived factor-1oc (CXCL12) is another DPP-4
substrate that has been associated with migration of neural
stem cells (Kokovay et al. 2010). The pituitary adenylate
cyclase-activating polypeptide (PACAP) and the vasoactive
intestinal peptide (VIP), also targeted by DPP-4
(Jungraithmayr et al. 2010; Zhu et al. 2003), could also regu-
late neural stem cell proliferation and differentiation (Hirose
etal. 2006; Mercer et al. 2004; Scharf et al. 2008). In addition,
chronic treatment with alogliptin increases BDNF in the cor-
tex and the thalamostriatum (Yang et al. 2013).

Various gliptins have been shown to improve cognitive
function in T2DM rodents (Kosaraju et al. 2013; Pintana
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treated mice, whereas values in D2 SIT-treated mice were not different
from those in Non-D mice. Left, in the subcallosal enlargement, decrease
was about 60 % for both D1 and D2. After SIT treatment, a 30 % decrease
appeared in D1 mice. A smaller decrease appeared in D2 + SIT mice but it
was not statistically different from values in Non-D mice

et al. 2013; Sakr 2013). In addition, alogliptin and linagliptin
prophylactic treatment tend to reduce experimental brain in-
farct volume in diabetic and Non-D animals (Darsalia et al.
2013; Yang et al. 2013). Prophylactic alogliptin treatment be-
fore experimental stroke significantly increases BDNF levels
in the brain cortex (Yang et al. 2013). Similarly, prophylactic
linagliptin enhances the number of striatal surviving neurons
after experimental stroke in T2DM mice (Darsalia et al. 2013).
This treatment also increases KI67 in the SVZ in the ischemic
hemisphere but not in the contralateral neurogenic niche
(Darsalia et al. 2014). This finding, together with our present
observations in Non-D mice, indicates that gliptins would
provide proliferation support to a damaged neurogenic niche
but would produce no effects in a healthy brain. Further stud-
ies are required to understand the mechanistic pathways in-
volved in these phenomena.

Normal BrdU incorporation in SIT-treatead diabetic mice
without concomitant effects on BG levels and glucose toler-
ance suggests that neuroprogenitors can still proliferate under
hyperglycemia. This phenomenon has been previously shown
in diabetic rats pre-treated with estradiol and fluoxethine
(Beauquis et al. 2006; Saravia et al. 2004) and, more recently,
with indomethacin (Ho et al. 2014).

Protection of neural stem proliferation without prior cor-
rection of the diabetic milieu might be of medical interest. It
might help to preserve mental functions in chronic- and long-
standing diabetes, and perhaps also during acute diabetes
bouts occurring in relation to sepsis and vascular
complications.
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