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Abstract
Diabetes increases the risk of Alzheimer’s disease (AD). The pathological hallmarks for AD
brains are extracellular amyloid plaques formed by β-amyloid peptide (Aβ) and intracellular
neurofibrillary tangles consisting of hyperphosphorylated tau protein. This study was designed to
determine AD-like brain changes in mice modeling for type 2 diabetes. The effects of metformin
on these changes also were studied. Seven-week old male db/db mice received intraperitoneal
injection of 200 mg kg−1 d−1 metformin for 18 weeks. They were subjected to Barnes maze at an
age of 21 weeks and fear conditioning at an age of 24 weeks to assess their cognitive functions.
Hippocampus was harvested after these tests for biochemical evaluation. The db/db mice had more
tau phosphorylated at S396 and total tau in their hippocampi than their non-diabetic control db+
mice. Activated/phosphorylated c-jun N-terminal kinase (JNK), a tau kinase, was increased in the
db/db mouse hippocampus. Metformin attenuated the increase of total tau, phospho-tau and
activated JNK. The db/db mice had increased Aβ levels. Metformin attenuated the reduction of
synaptophysin, a synaptic protein, in the db/db mouse hippocampus. Metformin did not attenuate
the impairments of spatial learning and memory as well as long-term hyperglycemia in the db/db
mice. Our results suggest that the db/db mice have multiple AD-like brain changes including
impaired cognitive functions, increased phospho-tau and Aβ as well as decreased synaptic
proteins. Activation of JNK may contribute to the increased phospho-tau in the db/db mice.
Metformin attenuates AD-like biochemical changes in the brain of these mice.
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1. Introduction
Diabetes mellitus (DM) affects more than 20 million Americans (Cherian et al., 2009; Kim
et al., 2009). Studies have shown that DM increases the risk for Alzheimer’s disease (AD)
(Brands et al., 2005; Ott et al., 1999; Strachan et al., 1997), the most common form of
dementia in the elderly (Berg and Morris, 1994). The pathological hallmarks in the brain of
a patient with AD are extracellular amyloid plaques formed by β-amyloid peptide (Aβ), an
enzymatic product of amyloid precursor protein (APP) by β-secretase/β-amyloid converting
enzyme 1 (BACE1) and γ-secretase (Vassar, 2004; Vassar and Citron, 2000), and
intracellular neurofibrillary tangles consisting of hyperphosphorylated tau proteins (Selkoe,
2001). It has been suggested that Aβ and hyperphosphorylated tau proteins induce local
neurotoxicity that ultimately results in AD.

There are at least two types of DM: type 1 and type 2. More patients suffer from type 2 DM
(Cherian et al., 2009). Multiple animal models have been developed to facilitate DM
research. It has been shown that animals with type 1 and type 2 DM have an increased
phospho-tau expression in their brains (Jolivalt et al., 2008; Kim et al., 2009; Li et al., 2007;
Planel et al., 2007b). These animals also have increased Aβ expression in the brains (Jolivalt
et al., 2008; Li et al., 2007). Among animal models for DM, the db/db (BKS.Cg-Dock7m+/
+Leprdb/J) mice are a common model for type 2 DM. These mice develop hyperglycemia
and hyperinsulinemia and are obese, polyphagic, polydipsic and polyuric (Fujita et al., 2002;
Kim et al., 2009).

Various treatments for DM have been developed. Many of them aim to control blood
glucose levels (Del Prato, 2009). Oral hypoglycemic agents are often used in patients with
type 2 DM. Glucophage (metformin) is the most commonly used oral hypoglycemic agent
(Kirpichnikov et al., 2002; Knowler et al., 2002). Interestingly, it has been shown recently
that metformin increases Aβ expression in neuronal cultures (Chen et al., 2009). However,
the effects of metformin on Aβ expression in diabetic mice are not reported. Its effects on
other AD-like brain features, such as tau phosphorylation as well as learning and memory
functions, in diabetic animals are not known. Thus, we designed this study to evaluate the
AD-like brain functional and pathological changes and the effects of metformin on these
changes in the db/db mice.

2. Materials and methods
The animal protocol was approved by the institutional Animal Care and Use Committee of
the University of Virginia (Charlottesville, VA). All animal experiments were carried out in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH publications number 80-23) revised in 1996.

2.1. Animal groups
Six-week old male db/db mice and sex- and age-matched non diabetes-prone db+ control
mice were purchased from the Jackson Laboratory (Bar Harbor, ME). The db/db mice were
divided into control, normal saline and metformin groups (11 mice for each group to provide
an n ≥ 6 for each experimental condition in the assays described below). Animals in the
metformin group received intraperitoneal injection of 200 mg kg−1 d−1 metformin in saline
until they were killed. This method of metformin application has been used in previous
studies (del Prete et al., 1999; Heishi et al., 2008). Mice in saline group received daily
injection of normal saline at the same volume as for the metformin-treated mice. The db/db
mice in the control group and the db+ control mice did not receive any injection. Metformin
or saline injection was started when animals were 7 weeks old. Their body weights were

Li et al. Page 2

Pharmacol Biochem Behav. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



measured every two weeks. The volumes/dosages of metformin/saline were adjusted
according to the weights.

Fasting blood glucose levels were measured at 6 and 24 weeks of age using blood glucose
test strips (Bayer, Mishawaka, IN) with blood from the tail. Random blood glucose levels
were measured 90 min after metformin or saline injection at 7, 8, 9, and 11 weeks of age.

2.2. Barnes maze
When mice were 21-week old, they were tested with Barnes maze system equipped with
ANY-Maze video tracking system (San Diego Instruments, San Diego, CA). The natural
agoraphobia of mice was enhanced by an 85-db buzzer and bright light from a 250 W bulb
that was 50 cm above the Barnes maze platform. Animals were encouraged to find the target
hole that was linked to a hiding box. There were other 19 holes identical to the target hole
but these holes were not linked to a hiding box. Mice learnt the location of the target hole by
using spatial intra- and extra-maze references during training. Each trial was recorded and
analyzed to determine the latency for the mouse to enter the target hole and the time spent in
the zone of each hole (within 2 cm around the hole).

The test was performed as described before (Reiserer et al., 2007; Zheng et al., 2009) with
minor modifications. Each animal was subjected to two protocols: cued-target and hidden-
target. In cued-target protocol, the location of the target hole varied in each trial and was
marked by a conspicuous polystyrene cone attached to the maze perimeter. In hidden-target
protocol, the location of the target hole was fixed and was not marked by any intra-maze
reference. Both protocols involved training sessions on 5 consecutive days, four 3-min
training sessions with a 15-min inter-session interval on each day. The short-term probe trial
was performed at 2 h after the last training session on the fifth day. The long-term probe trial
was performed one week after the short-term probe trial in the hidden-target protocol. The
hidden-target protocol was started at 2 days after the completion of the cued-target protocol.

2.3. Fear conditioning
Mice (24-week old) were subjected to fear conditioning test at 2 days after the completion of
Barnes test. Fear conditioning test was performed as described previously (Stratmann et al.,
2009). Briefly, a mouse was placed in a plexiglas training chamber whose floor had a
stainless grid for shock delivery. After a 3-min baseline exploratory period in the chamber,
mice received 3 tone (2000 Hz, 90 db)–shock (0.7 mA, 2 s) pairings separated by 1 min.
Each training chamber was cleaned with 95% ethyl alcohol before the placement of a mouse
and was illuminated only with a 10 W bulb in a dark experimental room.

Twenty-four hours after the training session, mouse was placed again in the training
chamber for 8 min without tone and foot shock. Each animal’s freezing behavior was scored
every 8 s during the 8 min observation period. The percentage of time in freezing behavior
was calculated using the formula of 100*f/n, where f was the number of freezing events in
the 8 min and n was the total number of 8-s observation period in 8 min. One hour later, the
mouse was placed in a new chamber without a stainless floor grid. This chamber was
cleaned with the lemon fresh pine-sol each time after use and room light was turned on
during the test. After a 3-min exploratory period in this new chamber, a 30-s tone (2000
Hertz, 90 db) was applied. The mouse was then left in the chamber for another 1 min. The
percentage of time in freezing was calculated by the formula of 100*f/30, where f is the total
freezing time during the 30-s observation period.
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2.4. Brain tissue and blood sampling
After the completion of Barnes maze and fear conditioning tests, 24-week old mice were
fasted overnight and then deeply anaesthetized with isoflurane. Blood was collected via
direct cardiac puncture. The mice were immediately perfused transcardially with normal
saline. After decapitation, hippocampus was dissected out quickly for Western blotting and
measurement of Aβ1-42. Blood was collected for insulin, hemoglobin A1c (HbA1c) and
lactate measurements. HbA1c was determined by the clinical laboratory of our hospital.
Plasma insulin levels were determined by enzyme-linked immunosorbent assay (mouse
insulin kit; Shibayagi, Gunma, Japan).

2.5. Western blotting
Total protein lysates were prepared from hippocampus in the lysis buffer (Cell Signaling
Technology, Danvers, MA) containing protease inhibitors (Protease Inhibitor Cocktail;
Sigma Aldrich, St Louis, MO) and phosphatase inhibitors (phosSTOP Phosphatase Inhibitor
Cocktail Tablets; Roche, Nutley, NJ). They (30 – 50 μg/lane) were separated on sodium
doecyl sulfate-polyacrylamide gels and transferred to polyvinylidene fluoride membranes
(Millipore, Billerica, MA). The primary antibodies used were rabbit polyclonal anti-tau
[pS199/202] phosphospecific antibody (Invitrogen, Camarillo, CA; 1:1000); rabbit
polyclonal anti-tau [pS396] phosphospecific antibody (Invitrogen; 1:1000); rabbit
polyclonal anti-tau [pT231] phosphospecific antibody (BioSource International, Camarillo,
CA, USA; 1:1000); mouse monoclonal anti-tau (tau5) antibody (Millipore,; 1:1000); mouse
monoclonal anti-phospho-c-jun N-terminal kinase (JNK) (Thr183/Tyr185) (G9) antibody
(Cell Signaling Technology; 1:2000); rabbit monoclonal anti- JNK (56G8) antibody (Cell
Signaling Technology; 1:1000); rabbit polyclonal anti-phospho-glycogen synthase kinase-3β
(GSK-3β) (Ser9) antibody (Cell Signaling Technology; 1:1000); rabbit polyclonal anti-
GSK-3α [pY279]/β [pY216] phosphospecific antibody (Invitrogen; 1:1000); rabbit
monoclonal anti-GSK-3β antibody (Cell Signaling Technology; 1:1000); rabbit polyclonal
anti-cyclin-dependent kinase 5 (cdk5) antibody (Cell Signaling Technology; 1:1000); mouse
monoclonal anti-protein phosphatase 2A (PP2A) C subunit antibody (Millipore; 1:2000);
mouse monoclonal anti-synaptophysin antibody (Millipore; 1:10000); rabbit anti-drebrin
antibody (Sigma Aldrich; 1:1000); rabbit polyclonal anti-neprilysin antibody (Millipore;
1:500); rabbit polyclonal anti-BACE1 C-terminal epitope (residues 485–501; Calbiochem,
Darmstadt, Germany; 1:1000); rabbit polyclonal anti-insulin degrading enzyme (IDE)
antibody (Abcam, Cambridge, MA, USA; 1:600); rabbit polyclonal anti-actin antibody
(Sigma; 1:4000); rabbit monoclonal anti-APP antibody (Abcam; 1:5000); and rabbit
polyclonal anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody (Sigma;
1:1000). After being incubated with horse radish peroxidase-conjugated secondary
antibodies, protein bands were detected with the enhanced chemiluminescence methods
(ECL plus kit; GE Healthcare, Sunnyvale, CA). The bands were visualized and quantified
using G:Box equipped with Gene tools analysis software (Syngene, Frederick, MD). All
protein band density was normalized by that of actin or GAPDH from the same sample.

2.6. Immunofluorescent staining
Hippocampus was fixed in 4% paraformaldehyde in phosphate buffered saline for 24 h at
40C. Hippocampal 14 μm-thick cryostat sections were obtained for immunofluorescent
staining. Antigen retrieval with microwave heating for 15 min in 10 mM tri-sodium citrate
buffer (pH = 6.0) containing 0.05% tween-20 was performed as described before (Erber et
al., 1996; Huang and Zuo, 2005; Taylor et al., 1996). Sections were blocked with 5%
donkey serum in phosphate buffered saline containing 0.1% triton-X 100 and 0.05%
tween-20. The primary antibodies used were: mouse monoclonal anti-microtubule-associate
protein 2 (MAP2) (Abcam, Cambridge, MA; 1:1000), rat monoclonal anti-cluster of
differentiation molecule 11b (CD11b) (Abcam; 1:100), mouse monoclonal anti-glial
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fibrillary acidic protein (GFAP) (Millipore; 1:600) and mouse monoclonal anti-NeuN
antibody (Millipore; 1:100 dilution). After being incubated with the primary antibodies at
40C overnight, the Cy3-conjugated goat polyclonal anti-rabbit serum (Abcam; 1:100) or
Alexa Flour 488-labeled goat anti-mouse/rat serum secondary antibody (Invitrogen; 1:1000)
was applied for 1 h at room temperature.

2.7. Aβ1-42 assay
Aβ was extracted from brain tissues as described before (Gravina et al., 1995). Briefly,
hippocampus was homogenized in 8 x volume of 70% glass distilled formic acid. The
homogenates were kept at 4°C for 15 min and then centrifuged at 100,000 g for 1 h. The
formic acid extract layer between a thin overlying lipid layer and a small pellet was used for
Aβ1-42 quantification by using an Aβ1-42 enzyme-linked immunosorbent assay kit (catalog
number KMB3441; Invitrogen). The level of the Aβ1-42 in each brain sample was
standardized to the brain tissue weight.

2.8. Serum lactate measurement
Serum lactate concentration was determined using a colorimetric method with a lactate
assay kit (Lactate Assay Kit II, BioVision, Mountain View, CA) according to the
manufacture’s protocol. The optical density of samples was read at 450 nm using a
microplate reader. The final serum lactate concentrations are presented as mmol/l.

2.9. Statistical analysis
All results are presented as means ± S.D. or median with 95% confidence interval (n ≥ 6).
Data from different groups of animals were analyzed by one way analysis of variance
followed by the Student-Newman-Keuls test after confirmation of normal distribution of the
data, by Kruskal-Wallis analysis of variance on ranks followed by the Dunn’s test when the
data are not normally distributed or by Student’s t test as appropriate. One way repeated
measures analysis of variance or paired t test was used for the comparisons of the values
from the same animals at different time-points. A P ≤ 0.05 was accepted as significant.

3. RESULTS
3.1. Effects of metformin on the characteristics of type 2 DM in the db/db mice

The db/db mice start to have hyperglycemia at 3 – 4 weeks of age and develop a full
spectrum of type 2 DM characteristics including obesity, hyperglycemia, hyperinsulinemia
and insulin resistance by 8 weeks of age (Kim et al., 2009; Lin et al., 2000). As shown in
Table 1, the db/db mice had a higher fasting blood glucose level and were heavier than the
lean control mice when they were 6 weeks old (P < 0.001 and t(33) = 12.227 for the body
weight comparison, P = 0.025 and t(44) = 2.326 for blood glucose comparison) (Table 1).
These differences continued when the mice were 24 weeks old. Metformin treatment for 18
weeks did not decrease the fasting blood glucose levels in the db/db mice (Table 1). This
ineffectiveness of metformin to reduce hyperglycemia was similar to the finding in a
previous study (Lin et al., 2000). Consistent with the glucose results, metformin treatment
for 18 weeks did not affect the HbA1c levels (Table 2). The db/db mice had
hyperinsulinemia that was not affected by metformin treatment. Although reduction in
weight gain was reported in the db/db mice treated with metformin (Fujita et al., 2005; Lee
and Morley, 1998), there were no differences in the body weights among the three groups of
db/db mice (Table 1). The db/db mice had higher serum lactate concentrations than the db+
mice (P = 0.005, t(14) = 3.309). Treatment with metformin or saline did not affect the
increased serum lactate concentrations in the db/db mice (Table 2).
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3.2. The db/db mice had impaired cognitive functions
The performance of db+ mice during the cued-target training sessions was improved
significantly over the sessions (P < 0.001, F(5, 10) = 16.872), suggesting that the db+ mice
develop spatial learning (Fig. 1). These mice quickly identified the target box in the probe
trial (Fig. 1), suggesting that they have good short-term spatial memory. The performance of
db/db mice was not improved with increase in training sessions during the cued-target and
hidden-target tests. They took more time than the db+ mice to find the target box in the
probe trials (Fig. 1) [P < 0.001 and t(20) = 6.098 for probe trial in the cued target test, P <
0.001 and t(20) = −4.795 for the short-term probe trial in the hidden target test, and P =
0.002 and t(14) = −3.742 for the long-term probe trial in the hidden target test]. These
results suggested that the db/db mice had significant impairments in spatial learning and
memory. However, the db/db mice spent more time in the target hole zone than other zones
in the probe trials (Fig. 1), suggesting that these mice developed some spatial learning and
memory. Interestingly, metformin and saline application did not affect the performance of
db/db mice in the Barnes maze (Fig. 1).

There were no differences between the db+ and db/db mice in the freezing behavior during
the fear conditioning test (Fig. 1). Fear conditioning tests emotion-related learning and
memory. These results suggest that the db/db mice did not have impairments in this type of
learning and memory.

3.3. Metformin treatment partially reduced the increase of tau phosphorylation in the db/db
mouse hippocampus

Since tau is a family of closely related proteins at 55 – 62 KD (Hirokawa et al., 1988), at
least three protein bands in this molecular weight range were detected with antibodies that
were developed to specifically bind to tau or phosphorylated tau (Fig. 2). The quantification
results described in this report were the sum of all tau protein bands. Phosphorylation at all
three examined sites, Ser199/202, Ser396 and Thr231, of the tau proteins and the total tau
levels in the hippocampi of db/db mice at 24 weeks of age were significantly higher than
these in db+ mice [P = 0.005 and t(18) = 3.175 for Ser199/202, P = 0.014 and t(10) = 2.977
for Thr 231, P = 0.003 and t(14) = 3.530 for Ser396, and P = 0.033 and t(18) = 2.288 for
total tau]. Metformin-treated db/db mice had reduced total tau protein levels and
phosphorylated tau at Ser396 when compared to the control db/db mice [P = 0.017 and t(18)
= −2.618 for total tau and P = 0.01 and t(14) = −2.976 for Ser396]. The expression of
phosphorylated tau at Ser396 in the metformin-treated db/db mice was lower than that in the
saline-injected db/db mice [P = 0.036 and t(14) = −2.326]. Saline injection in the db/db mice
did not cause any significant changes in the total tau and phosphorylated tau expression (Fig.
2). When phosphorylated tau was normalized by total tau, phosphorylation at Ser396 in the
hippocampi of db/db mice trended to be higher than that in the db+ mice [P = 0.055, t(14) =
2.098]. The phosphorylated tau at Ser396 in the db/db mice injected with saline was
significantly higher than that in the db+ mice [P = 0.019, t(14) = 2.642] (Fig. 2).

Similar to the results from Western analysis, there was a significant increase in the phospho-
tau at Ser396 in the hippocampus of db/db mice as assessed by immunofluorescent study.
These phosphorylated proteins were co-localized with NeuN and MAP2, two neuronal
specific proteins, as well as CD11b, a microglial protein marker, but were not co-localized
with GFAP, an astrocytic protein. The phospho-tau appeared to be mainly in the cytoplasm
of neurons and microglia as the positive staining for the phospho-tau was mostly in the areas
outside the nuclei (Fig. 3).
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3.4. Metformin attenuated JNK activation but did not block the reduction of PP2A C
subunit expression in the db/db mice

JNK, GSK-3β, CaMKII and cdk5 are considered as the major tau kinases (Litersky et al.,
1996; Maccioni et al., 2001; Planel et al., 2001). We observed an increase in tau
phosphorylation at Ser199/202, Ser396 and Thr231, potential phosphorylation sites by JNK,
GSK-3β and cdk5 (Litersky et al., 1996; Maccioni et al., 2001; Planel et al., 2001). JNK is
activated by double phosphorylation at Thr183/Tyr185. Phosphorylation of GSK-3β at
Tyr216 is essential for its activity; whereas phosphorylation at Ser9 leads to partial
inhibition (Planel et al., 2007a; Planel et al., 2007b). As shown in Fig. 4, the
phosphorylated/activated 54 KD JNK was increased in the control and saline-injected db/db
mice when compared with db+ mice. This increase was attenuated by metformin [P = 0.046,
F(3, 36) = 2.948]. There was no difference in the expression of phosphorylated GSK-3β at
Tyr216 or Ser9 among the four groups of mice (Fig. 5). Cdk5 protein level also was not
different among the animals from various groups (Fig. 5).

PP2A is one of the tau Ser/Thr phosphatases. PP2A is a heterotrimeric enzyme consisting of
a catalytic subunit (C subunit), scaffolding subunit (A subunit) and regulatory subunit (B
subunit). As shown in Fig. 5, the db/db mice had significantly less PP2A C subunit in their
hippocampi than the db+ mice. Metformin or saline application did not attenuate this
decrease [P = 0.002, F(3, 28) = 6.407).

3.5. Metformin attenuated the reduction of synaptophysin expression in db/db mice
Tau is a microtubule-binding protein. This binding contributes to the stability of
microtubules. Hyperphosphorylation of tau affects this binding and form intracellular
neurofibrillary tangles, which may lead to dysfunction of synapses, degeneration of neurons
and cognitive impairment (Avila and Diaz-Nido, 2004; Johnson and Stoothoff, 2004). As
shown in Fig. 6, the db/db mice had a significant lower level of synaptophysin, a synaptic
protein (Julien et al., 2010), in their hippocampi than the db+ mice. This reduction was
attenuated by metformin and was not affected by saline application. Metformin-treated
animals had a higher level of synaptophysin than saline-injected mice [P = 0.007, H(3) =
12.224]. The expression of drebrin, a dendritic spine protein (Julien et al., 2010), was not
different among the four groups of mice (Fig. 6).

3.6. Aβ levels were increased in the hippocampi of db/db mice
There are two forms of Aβ: Aβ1-42 and Aβ1-40. Aβ1-42 is generally considered as the key
and more neurotoxic amyloidogenic Aβ species than Aβ1-40 (Finder et al., 2010). As shown
in Fig. 7, the Aβ1-42 levels in the hippocampi of db/db mice were significantly higher than
those of the db+ mice. This increase appeared to be attenuated by metformin treatment and
saline injection [P = 0.031, F(3, 28) = 3.41]. There were no differences in the expression of
APP, BACE1 and neprilysin in the hippocampi of the four groups of animals. However, the
expression of IDE in the db/db mice was significantly higher than that in the db+ mice [P =
0.031, t(6) = 2.807] (Fig. 7).

4. Discussion
It has been shown that there is a significant increase in the phospho-tau in the brains of mice
and rats with type 1 and type 2 DM (Clodfelder-Miller et al., 2006; Kim et al., 2009; Li et
al., 2007; Planel et al., 2007b). This phosphorylation occurs at multiple sites including
Ser199, Ser202, Thr212, Thr231, Ser262 and Ser396 (Clodfelder-Miller et al., 2006; Kim et
al., 2009; Li et al., 2007; Planel et al., 2007b). Obvious phosphorylation of tau starts as early
as 10 days after streptozotocin injection in wild type mice and 8 weeks of age in the db/db
mice (Kim et al., 2009; Planel et al., 2007b). Increase of phospho-tau in the streptozotocin
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injected mice may be due to inhibition of PP2A activity (Planel et al., 2007a; Planel et al.,
2007b). The increase of phospho-tau in these mice can be attenuated by administration of
insulin (Jolivalt et al., 2008). However, there is very limited information on how phospho-
tau is increased in the brains of animals with type 2 DM. It is not yet known the mechanisms
for the increased phospho-tau in the db/db mice and the effects of DM therapies on the
expression of phospho-tau expression in these animals.

Our results showed that phospho-tau was increased in the hippocampus of the db/db mice.
The increased phospho-tau at Ser396 was attenuated by metformin. Associated with this tau
phosphorylation change, the db/db mice had an increase in phosphorylated/activated 54 KD
JNK, a major tau protein kinase (Planel et al., 2007b). The increased JNK activation was
attenuated by metformin. There were no differences among the four groups of animals in the
phosphorylated/activated GSK-3β and cdk5, the other two tau kinases determined in this
study (Maccioni et al., 2001; Planel et al., 2007b). These results suggest that the 54 KD JNK
is involved in tau phosphorylation in the db/db mouse brains and that attenuation of JNK
activation may be a mechanism for metformin to decrease tau phosphorylation in these
mice. Consistent with our results, a recent study has shown that JNK may be involved in tau
phosphorylation in a rat model of type 2 DM (Yoon et al., 2010). Also, Neuro-2a cells, a
mouse neuroblastoma cell line, express more phospho-tau at Ser396 if these cells are
induced to become insulin-resistant by chronic incubation with insulin. This increase of
phospho-tau at Ser396 is decreased by metformin. However, the protein kinase(s) that may
be responsible for this phosphorylation and the metformin effects are not clearly determined
in this in vitro study (Gupta et al., 2011)

In addition to the increased phospho-tau at Ser396, there was also an increase in phospho-
tau at Ser199/202 and Thr231 in the db/db mice. In vitro studies have suggested that
Ser199/202 and Thr231 are phosphorylation sites for GSK-3β and cdk5 (Reynolds et al.,
2000). However, our study showed that the expression of activated GSK-3β, total GSK-3β
and cdk5 was not different between the db/db and db+ mice. A previous study indicates no
difference in the expression of activated GSK-3β and cdk5 in the hippocampi of rats with
type 2 DM (Yoon et al., 2010). These results suggest that these protein kinases are not
involved in the increased phospho-tau at Ser199/202 and Thr231 in the brains of animals
with type 2 DM.

Increased tau phosphorylation also can be due to reduction of tau dephosphorylation. We
showed here that the catalytic subunit of PP2A was significantly reduced in the db/db mice,
suggesting that PP2A may be involved in the tau phosphorylation in the db/db mouse brains.
However, metformin attenuated tau phosphorylation at Ser396 and Thr231 but did not
attenuate the decrease of PP2A C subunit expression in the hippocampus of db/db mice.
These results suggest that the reduced PP2A C subunit may not be responsible for the
increased tau phosphorylated at these sites. Consistent with our results, a recent study
showed that dephosphorylation of tau at Ser202 but not at Ser396 was mediated by PP2A
(Kickstein et al., 2010). This finding is consistent with our results that metformin did not
reduce the amount of tau phosphorylated at Ser199/202 because metformin also did not
attenuate the decrease of PP2A C expression in the db/db mice. We also observed a
significant increase of total tau expression. This increase may contribute to the increased tau
phosphorylated at Ser199/202 and Thr231 because phosphorylation at these two sites in the
db/db mice was not higher than that in the db+ mice if these phosphorylated tau proteins
were normalized by the total tau. Interestingly, metformin also attenuated the increase of
total tau expression in the db/db mice, further supporting that increased total tau as a
mechanism for the increased phospho-tau in the db/db mouse brains.
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In addition to the intracellular neurofibrillary tangles formed by phosphorylated tau,
extracellular amyloid plaques formed by Aβ in the brain is another pathological hallmark of
AD (Selkoe, 2001). The Aβ expression in mouse brain is not changed at 10 days after
streptozotocin-induced type 1 DM but is significantly increased when mice have type 1 DM
for 4 weeks or longer (Jolivalt et al., 2008; Planel et al., 2007b; Shuli et al., 2001).
Similarly, there is an increased Aβ expression in the brains of the BB/Wor rats and BBZDR/
Wor rats that develop spontaneous diabetes because of gene mutation (Li et al., 2007). The
BB/Wor rats and BBZDR/Wor rats are considered to model type 1 and type 2 DM,
respectively. However, there is no report yet on whether Aβ level is changed in the db/db
mouse brain. Our results showed that the Aβ1-42 levels in the hippocampus of the db/db
mice were significantly higher than that in the db+ mice. To determine the mechanisms for
this increased Aβ1-42, we measured the expression of APP, BACE1, neprilysin and IDE in
the hippocampus. APP is the substrate for Aβ production (Selkoe, 2001). BACE1 is the rate-
limiting enzyme for Aβ production (Vassar, 2004; Vassar and Citron, 2000). Neprilysin and
IDE are the major enzymes to degrade Aβ (Miners et al., 2008). Unlike in the case of
BBZDR/Wor rats that have a significant increase of APP and BACE1 in their brains (Li et
al., 2007), our results showed that there were no differences in the expression of APP,
BACE1 and neprilysin in the hippocampi of db/db and db+ mice. IDE expression in the db/
db mice was higher than that in the db+ mice. This increase may be due to a feedback
mechanism from the increased insulin and Aβ1-42, substrates of IDE, in the db/db mice.

A recent study shows that metformin increases Aβ production in neuronal cultures (Chen et
al., 2009). Although the effects of metformin on Aβ production have not been studied in a
more clinically relevant model, such as diabetic animals, these results warn us of the
possibility that a commonly used medication for type 2 DM may induce AD-like
neuropathology. Interestingly, the same study also shows that insulin reduces Aβ production
in the N2a695 cells, a neuroblastoma cell line expressing human APP, and metformin
enhances this reduction (Chen et al., 2009). Another study has shown that mouse
neuroblastoma cells that have been chronically incubated with insulin to induce insulin
resistance have increased Aβ production. This increase is attenuated by metformin (Gupta et
al., 2011). Our study showed that the metformin- and saline-injected db/db mice that have
increased plasma insulin levels appeared to have reduced contents of Aβ1-42 compared with
the control db/db mice. These results suggest that metformin does not increase Aβ1-42
accumulation in diabetic brains. Thus, our in vivo data, along with the evidence from cell
culture models in the two previous studies (Chen et al., 2009; Gupta et al., 2011), indicate
that metformin does not increase Aβ in the presence of high insulin levels.

Neuronal and synaptic loss is a characteristic of AD brains (Selkoe, 2002). These features
were shown in the brains of rats with type 2 DM (Li et al., 2007). Although there was no
difference in the drebrin expression among the four groups of animals, the db/db mice had
significantly less synaptophysin, a synaptic protein, in their hippocampi. This result suggests
that the db/db mice have decreased synapses. Interestingly, metformin attenuated the
decrease of synaptophysin in the db/db mice, suggesting that metformin preserves neuronal
structures in these mice.

It is now recognized that DM and AD share many abnormalities including impaired glucose
metabolism and insulin signaling, increased oxidative stress and inflammation, as well as
insulin resistance (Zhao and Townsend, 2009). It has been firmly established that DM
increases the risk of developing AD (Brands et al., 2005; Ott et al., 1999; Strachan et al.,
1997). In parallel, up to 80% AD patients have DM (Janson et al., 2004). Consistent with
these phenomena, hyperglycemia impairs cognitive performance in animals and humans
(Kawasaki et al., 2005; Mohapatra et al., 2009) and patients with DM have impaired
learning and memory functions (Brands et al., 2005; Strachan et al., 1997). Our study
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showed that the db/db mice did not have impairments in emotion-related learning and
memory as tested by fear conditioning. Although they developed some degrees of spatial
learning and memory in the Barnes maze test, these mice had a significant impairment in
spatial learning and memory compared with the db+ mice. Consistent with our results, a
previous study showed that db/db mice had impaired spatial memory assessed by Morris
water maze (Li et al., 2002). Interestingly, metformin did not improve the spatial learning
and memory as assessed by Barnes maze in our study. This finding is seemingly surprising
because metformin attenuated the increase of tau phosphorylation and preserved the
expression of synaptophysin. However, metformin did not improve long-term
hyperglycemia as assessed by HbA1c. Since hyperglycemia can impair the learning and
memory functions (Kawasaki et al., 2005; Mohapatra et al., 2009), it is possible that
hyperglycemia in the db/db mice treated with metformin contributes to the failure for
metformin to improve the cognitive functions in these mice. In addition, leptin is known to
facilitate spatial learning and memory (Oomura et al., 2006) and the db/db mice have a
defect in leptin signaling. Finally, insulin resistance can impair spatial learning and memory
(Stranahan et al., 2008) and metformin may not significantly attenuate insulin resistance of
the db/db mice as indicated by similar levels of hyperglycemia and hyperinsulinemia in the
db/db mice treated with or without metformin. All of these factors may contribute to our
findings that metformin improved AD-like biochemical changes in the brain but did not
improve the learning and memory impairments assessed by Barnes maze in the db/db mice.

The db/db mice had increased serum lactate concentrations, which is consistent with the
theme that diabetes disrupts normal metabolism (Zhao and Townsend, 2009). Metformin is
previously considered to increase the risk of lactic acidosis in diabetic patients (Price, 2003).
It is now controversial whether metformin indeed increases this risk (Bodmer et al., 2008;
Salpeter, 2010). In agreement with this controversy, our results showed that metformin did
not further increase the serum lactate concentrations in the db/db mice. Metformin has an
anorectic effect that can lead to weight loss (Fujita et al., 2005; Lee and Morley, 1998),
although acute increase of food intake within 4 h after intraperitoneal injection of metformin
has been reported (del Prete et al., 1999). We did not specifically study the food intake in
our animals. However, metformin did not affect the weights of these rats, suggesting a
possible lack of significant effects of chronic application of metformin on food intake.

Our study showed that metformin did not persistently reduce hyperglycemia in the db/db
mice. Consistent with our finding, 350 mg kg−1 d−1 metformin did not decrease blood
glucose levels of the ob/ob mice when measurements were performed at 4 weeks after the
initiation of metformin therapy in a previous study (Lin et al., 2000). That study also
showed that metformin improved the disturbance of fatty metabolism, suggesting that
metformin can still affect important biochemical processes of diabetic animals in the
absence of obvious anti-hyperglycemic effect, a pattern that is similar to our findings here.
Consistent with this pattern, it is known that metformin affects multiple intracellular
signaling pathways and that some of these effects are not necessarily involved in reducing
hyperglycemia (Viollet et al., 2012). Our study and those previous studies (Lin et al., 2000;
Viollet et al., 2012) suggest that metformin can induce beneficial effects that are
independent on its effects on glucose metabolism.

One novelty of our study is that we administered metformin to diabetic animals for a long-
time (18 weeks) to study the effects of metformin on AD-like brain biochemical and
cognitive changes. These effects under in vivo conditions have not been reported. Chronic
use of metformin is a common practice in patients with type 2 diabetes. Thus, our study
closely simulates clinical situations. We showed here that metformin attenuated the increase
of phospho-tau and reduction of synaptophysin in the db/db mouse brain, suggesting a
beneficial effect in these diabetic animals.
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Research highlight

• The db/db mice have Alzheimer’s disease-like brain changes.

• The increased phospho-tau at 396 may be due to JNK activation in the db/db
mouse brain.

• Metformin attenuates the Alzheimer’s disease-like brain biochemical changes in
the db/db mice.
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Fig. 1. Performance of mice on Barnes maze and fear conditioning tests
Seven-week old male db/db mice received or did not receive normal saline or 200 mg kg−1

d−1 metformin in saline for 18 weeks. They were then tested with Barnes maze and fear
conditioning tasks. Two forms of Barnes maze tests, cued target and hidden target, were
performed. The time for animals to find the target hole during the training sessions and the
probe trials is shown in panels A and B. The percentage of the time spent in the zone of each
hole in the total time spent in the zones of all 20 holes during the probe trial is shown in
panels C, D and E. The percentage of the time with freezing behavior in the total
observation time during the fear conditioning tests is shown in panel F. Results are median
with 95% confidence interval (panels A and B) or means ± SD (panels C, D, E and F) (n = 8
– 11). * P < 0.05 compared with db+ mice; ^ P < 0.05 compared with the values of the same
animals on the first training day. Statistical analysis was performed by Kruskal-Wallis
analysis of variance on ranks for data presented in panels A and B and by one way analysis
of variance for the fear conditioning data when comparisons were performed among groups.
One way repeated measures analysis of variance was used to compare values of the same
animals on different training days. db/db + S: db/db mice treated with saline; db/db + M: db/
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db mice treated with metformin; S-Probe: short-term probe trial; L-Probe: long-term probe
trial.
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Fig. 2. Expression of phosphorylated tau and total tau in mouse hippocampus
A representative Western blot is shown in panel A and the graphic presentation of protein
abundance quantified by integrating the volume of autoradiograms from 6 – 10 mice for
each experimental condition is shown in panels B and C. In panel B, the results of
phosphorylated tau and total tau were normalized by the corresponding actin data and then
expressed as fold change over the mean value of the db+ control mice in the same
experiment. In panel C, the results of phosphorylated tau were normalized by the
corresponding actin data. These results were then normalized by the total tau. The final
results are expressed as fold change over the mean value of the db+ control mice in the same
experiment. All results are presented as means ± SD. * P < 0.05 compared with db+ mice; ^
P < 0.05 compared with db/db mice; # P < 0.05 compared with db/db mice injected with
saline. Statistical analysis was performed by one way analysis of variance or Kruskal-Wallis
analysis of variance on ranks. db/db + S: db/db mice treated with saline; db/db + M: db/db
mice treated with metformin.
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Fig. 3. Expression of tau phosphorylated at S396 in mouse hippocampus
Hippocampus from 24-week old male db+ (panel B) and db/db (all other panels) mice was
harvested for immunofluorescent staining of tau phosphorylated at S396 (red), NeuN
(green), CD11b (green), GFAP (green) and MAP2 (green). Both db+ and db/db mice did not
receive any injections. NeuN and MAP2 are proteins expressed in neurons. CD11b and
GFAP are proteins expressed in microglia and astrocytes, respectively. An arrow in panel A
indicates positive staining for tau phosphorylated at S396. The bar represents 200 μm in
panels A and B and 20 μm in other panels (panels C to N).
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Fig. 4. Expression of JNK in mouse hippocampus
A representative Western blot is shown in panel A and the graphic presentation of protein
abundance quantified by integrating the volume of autoradiograms from 6 – 10 mice for
each experimental condition is shown in panels B, C and D. In panels B and C, the results of
phosphorylated JNK and total JNK were normalized by the corresponding GAPDH data and
then expressed as fold change over the mean value of the db+ control mice in the same
experiment. In panel D, the results of phosphorylated JNK were normalized by the
corresponding GAPDH data. These results were then normalized by the total JNK. The final
results are expressed as fold change over the mean value of the db+ control mice in the same
experiment. All results are presented as means ± SD. * P < 0.05 compared with db+ mice; ^
P < 0.05 compared with db/db mice. Statistical analysis was performed by one way analysis
of variance or Kruskal-Wallis analysis of variance on ranks. db/db + S: db/db mice treated
with saline; db/db + M: db/db mice treated with metformin.
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Fig. 5. Expression of GSK-3β, cdk5 and PP2A C subunit in mouse hippocampus
A representative Western blot is shown in panel A and the graphic presentation of protein
abundance quantified by integrating the volume of autoradiograms from 6 – 10 mice for
each experimental condition is shown in panels B, C, D and E. In panels B, D and E, the
results of phosphorylated GSK-3β, cdk5 and PP2A C subunit were normalized by the
corresponding GAPDH or actin data and then expressed as fold change over the mean value
of the db+ control mice in the same experiment. In panel C, the results of phosphorylated
GSK-3β were normalized by the corresponding GAPDH data. These results were then
normalized by the total GSK-3β. The final results are expressed as fold change over the
mean value of the control db+ mice in the same experiment. All results are presented as
means ± SD. * P < 0.05 compared with db+ mice. Statistical analysis was performed by one
way analysis of variance. db/db + S: db/db mice treated with saline; db/db + M: db/db mice
treated with metformin.
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Fig. 6. Expression of neuronal proteins in mouse hippocampus
A representative Western blot is shown in the top panel and the graphic presentation of
protein abundance quantified by integrating the volume of autoradiograms from 6 – 8 mice
for each experimental condition is shown in the bottom panel. Values in graphs are
expressed as fold change over the mean value of the db+ mice in the same experiment and
presented as means ± SD. * P < 0.05 compared with db+ mice; ^ P < 0.05 compared with
db/db mice; # P < 0.05 compared with db/db mice injected with saline. Statistical analysis
was performed by one way analysis of variance or Kruskal-Wallis analysis of variance on
ranks. S: db/db mice treated with saline; M: db/db mice treated with metformin.
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Fig. 7. Expression of Aβ1-42, APP, BACE1, NEP and IDE in mouse hippocampus
For panel A, results are means ± SD (n = 6 – 8). For panels B, C, D, and E, a representative
Western blot is shown in the top panel and the graphic presentation of protein abundance
quantified by integrating the volume of autoradiograms from 6 – 8 mice for each
experimental condition is shown in the bottom panel. Values in graphs are expressed as fold
change over the mean value of the db+ mice in the same experiment and presented as means
± SD. * P < 0.05 compared with db+ mice; ^ P < 0.05 compared with db/db mice. Statistical
analysis was performed by one way analysis of variance. M: db/db mice treated with
metformin; NEP, neprilysin; S: db/db mice treated with saline.
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Table 1

Body weights and blood glucose levels

Weight (g) Glucose (mg/dl)

6 weeks 24 weeks 6 weeks 24 weeks

db+ 23.3 ± 1.7 29.7 ± 2.2^ 172 ± 35 111 ± 8^

db/db 35.5 ± 3.2* 57.3 ± 3.7*^ 212 ± 75* 160 ± 32*

db/db + S 52.7 ± 4.1*^ 151 ±35*

db/db + M 58.8 ± 5.3*^ 203 ± 104*

Data are means ± S.D. (n = 6 – 23). Data of the 6-week old db/db mice represent the pooled data from the three groups of db/db mice with an n =
23. The glucose results were obtained after animals were fasted overnight.

*
P < 0.05 compared with the age-matched db+ mice;

^
 P <0.05 compared with the values of the same animals at an age of 6-weeks. Statistical analysis was performed by Student’s t test for the results

of 6-week old animals and by one way analysis of variance for the results of 24-week old mice when comparisons were performed among groups.
Paired t-test was used to compare the values of the same animals at ages of 6-weeks and 24-weeks. S: normal saline; M: metformin.
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Table 2

Blood biochemical results (24-week old mice)

Insulin (ng/ml) HbA1c (%) Lactate (mM)

db+ 1.46 ± 1.3 4.2 ± 0.7 10.9 ± 2.6

db/db 66.5 ± 27.7* 6.5 ±0.7* 14.9 ± 2.2*

db/db + S 50.5 ± 17.4* 6.1 ±0.6* 16.5 ± 3.5*

db/db + M 57.8 ± 16.1* 6.8 ±1.1* 18.4 ± 2.5*

Data are means ± SD (n = 6 – 11). These data were obtained after animals were fasted overnight.

*
P < 0.05 compared with db+ mice. Statistical analysis was performed by one way analysis of variance. S: normal saline; M: metformin.
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