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Hyperphosphorylated tau plays an important role in the formation
of neurofibrillary tangles in brains of patients with Alzheimer's
disease (AD) and related tauopathies and is a crucial factor in
the pathogenesis of these disorders. Though diverse kinases have
been implicated in tau phosphorylation, protein phosphatase 2A
(PP2A) seems to be the major tau phosphatase. Using murine pri-
mary neurons from wild-type and human tau transgenic mice, we
show that the antidiabetic drug metformin induces PP2A activity
and reduces tau phosphorylation at PP2A-dependent epitopes in
vitro and in vivo. This tau dephosphorylating potency can be
blocked entirely by the PP2A inhibitors okadaic acid and fostriecin,
confirming that PP2A is an important mediator of the observed
effects. Surprisingly, metformin effects on PP2A activity and tau
phosphorylation seem to be independent of AMPK activation, be-
cause in our experiments (/) metformin induces PP2A activity be-
fore and at lower levels than AMPK activity and (i) the AMPK
activator AICAR does not influence the phosphorylation of tau at
the sites analyzed. Affinity chromatography and immunoprecipi-
tation experiments together with PP2A activity assays indicate
that metformin interferes with the association of the catalytic sub-
unit of PP2A (PP2Ac) to the so-called MID1-a4 protein complex,
which regulates the degradation of PP2Ac and thereby influences
PP2A activity. In summary, our data suggest a potential beneficial
role of biguanides such as metformin in the prophylaxis and/or
therapy of AD.

Formation of paired helical filaments (PHFs) in the brain is
a characteristic hallmark in the pathogenesis of Alzheimer’s
disease (AD) and related tauopathies. The major protein com-
ponent of PHFs is the hyperphosphorylated form of tau, which in
its normophosphorylated form is a microtubule-associated pro-
tein that stimulates and stabilizes microtubule assembly (1).
Whereas tau normally contains 2-3 mol of phosphates per mole,
tau phosphorylation levels in AD brains are three- to fourfold
higher. Upon hyperphosphorylation, tau dissociates from the mi-
crotubules and subsequently sequesters normal tau and other
microtubule-associated proteins, which inhibits assembly and de-
polymerizes microtubules (2).

Tau in PHFs has been found to be differently phosphorylated
at more than 30 serine/threonine residues compared with normal
tau (3). Among the classical phosphoseryl/phosphothreonyl phos-
phatases, PP2A seems to be the major tau phosphatase in the
brain (4-8). Indeed, reduction of both activity and expression of
PP2A has been observed in AD brains repeatedly (9-13). This
makes PP2A activity a valuable target for the development of
a potential therapy for AD.

Though the dimethylbiguanide metformin and related guani-
dines have been used as antidiabetics for many years, their precise
mechanisms of action remain unclear. One favored mechanism
involves the activation of AMPkinase (AMPK) via the inhibition
of complex I of the respiratory chain (14-16). Activated AMPK
carries the signal to the mTOR pathway. mTOR signaling inte-
grates the information on nutrient and energy supply and stim-
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ulates cell growth and proliferation. Activated AMPK, however,
is a sensor for an inappropriate AMP:ATP ratio and thereby
detects insufficient energy reserve. It phosphorylates the mTOR
inhibitor TSC2 (17) and the mTOR interaction factor raptor (18),
which both lead to a reduction of mTOR kinase activity and an
activation of the major mTOR inhibitor PP2A (19).

Because of the interaction of metformin with AMPK, mTOR,
and PP2A, we have hypothesized that biguanides, by activating
AMPK and PP2A, would be potent compounds to dephosphor-
ylate tau. Here we show that, indeed, treatment of primary neu-
rons with metformin and derivatives leads to an immediate re-
duction of the phosphorylation of PP2A-dependent tau epitopes.
Surprisingly, PP2A activation by metformin seems to be AMPK
stimulation independent, because it did not lead to an increase of
the phosphorylation of the AMPK target ACC and induced only
a weak stimulation of the phosphorylation of AMPK itself. Fur-
thermore, the AMPK activator AICAR did not cause similar ef-
fects on tau phosphorylation.

Results

Okadaic Acid Increases Phosphorylation of PP2A-Dependent Tau
Epitopes. Tau is phosphorylated at numerous serine and threo-
nine residues. Several of these residues have been shown to de-
pend on PP2A activity and be dephosphorylated by PP2A in vitro
(1, 20, 21). To confirm these observations in living cells, primary
cortical neurons from wild-type mice were treated with increasing
concentrations of okadaic acid (OA) for 4 h. Protein lysates of
treated cells were analyzed by Western blot. Phosphorylation of
Serine (Ser) 202, Ser262, Ser356, and Ser396 was analyzed rela-
tive to total tau using specific antiphospho antibodies and the
anti-tau5 antibody detecting total tau. As expected, phosphory-
lation of Ser202, Ser262, and Ser356 increased with the concen-
tration of OA (Fig. S1), confirming that the phosphorylation of
these epitopes is regulated by PP2A or a closely related phos-
phatase. Phosphorylation of Ser396, however, did not increase
significantly in cells treated with OA, which confirms previous
observations that Ser396 is not an efficient PP2A target (21).

Metformin Inhibits mTORC1 and Activates PP2A. The anti-type II
diabetes drug metformin has been shown to inhibit mTOR ac-
tivity (22, 23). Because PP2A is regulated by mTOR (24), we
speculated that metformin would be able to (i) increase PP2A
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activity and (ii) thereby reduce tau phosphorylation at PP2A-
dependent epitopes. To confirm that metformin could inhibit
mTORCI signaling in primary neurons from wild-type mice, we
measured the phosphorylation of S241/244 of ribosomal protein
S6 following incubation with increasing concentrations of met-
formin (Fig. 1). A dose-dependent decrease in S6 phosphoryla-
tion was detected (Fig. 14), and significant dephosphorylation
was present within 4 h of exposure to 2.5 mM metformin (Fig.
1B). This ability of metformin to dephosphorylate S6 was not
specific to neurons, but clearly apparent in the rat hepatoma cell
line H4IIE, which were incubated with metformin for 16 h (Fig.
1C). Results were confirmed by measuring the phosphorylation
status of p70S6kinase, another target of mTORCI1/PP2A after
metformin treatment (Fig. S2) in primary neurons. Furthermore,
phenformin, a metformin derivative, also promoted dephosphor-
ylation of p70S6kinase with time (Fig. S3).

Metformin Induces Dephosphorylation of Tau in Cortical Neurons.
Because activation of PP2A should result in a dephosphorylation
of PP2A-dependent tau epitopes, primary cortical neurons from
wild-type mice were treated with 2.5 mM metformin for different
time intervals, and the phosphorylation of the PP2A-dependent
tau epitopes Ser202, Ser356, and Ser262 was analyzed by West-
ern blot. A significant decrease of the phosphorylation of all
three epitopes was observed after 2—4 h. Furthermore, dephos-
phorylation of these epitopes increased with time (Fig. 24) and
dosage (Fig. 2B). By contrast, phosphorylation of the PP2A-
insensitive epitope Ser396 did not change after metformin treat-
ment (Fig. 2C), indicating that metformin only affects PP2A-
dependent sites. Similar analyses of primary cortical neurons from
mice that express the human tau protein instead of the murine
showed that human tau epitopes reacted in the same way to met-
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Fig. 1. Metformin decreases the phosphorylation of S6 ribosomal protein.
(A) Primary cortical neurons of wild-type mice were treated with metformin
(Met) at the indicated concentrations for 16 h. (B) Primary cortical neurons of
wild-type mice were treated with or without 2.5 mM metformin for 1 h and
4 h. (C) H4 cells were treated with or without 2.5 mM metformin for 16 h.
Cell lysates were analyzed by Western blotting using an antibody to phos-
phorylated S6 (241/244). Band intensities were normalized to either actin or
total tau (Tau5). In each case a representative blot is shown along with the
quantification of three independent experiments (n = 3). *P < 0.01.
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formin treatment (Fig. 2D). Comparable results were obtained
when treating cells with the metformin derivative phenformin (Fig.
S44) and with the mTOR inhibitor/PP2A activator rapamycin
(Fig. S4B), which adds further proof that indeed, the enzyme
couple mTOR/PP2A influences phosphorylation of tau at the
sites analyzed. To make sure that the observed effects are not due
to an increase in cellular apoptosis, TUNEL assays with increasing
amounts of metformin on primary cortical neurons were per-
formed showing that metformin did not cause a significant in-
crease of programmed cell death in these cells at concentrations
sufficient to induce tau dephosphorylation (Fig. 2F).

Metformin has been in clinical use for patients with type II
diabetes for many years. Peak plasma concentrations at dosages
that are being applied to patients, however, are around 12 pM.
These are much lower than what we have used in the above
experiments. Because tau dephosphorylation increases with time
after metformin treatment, in the next series of experiments,
metformin concentrations were reduced significantly using longer
treatment periods (>24 h) instead. Again, primary cortical neu-
rons of wild-type mice were treated with the respective amounts of
metformin and subsequently analyzed for phosphorylation at the
PP2A-dependent tau site Ser202. Already at 100 nM metformin,
phosphorylation of Ser202 decreased slightly, whereas at 10 pM,
phosphorylation of Ser202 is significantly reduced (Fig. 2F).

Metformin effects have been shown to be insulin sensitive. To
rule out an insulin-dependent effect on tau phosphorylation, we
incubated primary neurons with 2.5 mM metformin, this time us-
ing medium without insulin. As in the previous experiments,
metformin had a strong dephosphorylation effect on tau (Fig. 2G),
suggesting that metformin acts in an insulin-independent way.

Metformin Functions Through PP2A Activity. To show that metfor-
min requires PP2A activity to regulate tau dephosphorylation,
primary cortical neurons of wild-type mice were incubated with
or without 10 nM OA before metformin treatment. In confir-
mation of our previous findings, phosphorylation of Ser202 in-
creased after OA treatment and decreased significantly after
treatment with 2.5 mM metformin over 4 h. By contrast, met-
formin had no effect on the Ser202 phosphorylation pattern of
OA-treated cells (Fig. 34), indicating that the metformin effect
on the phosphorylation of tau depends on PP2A activity. Similar
data were generated with the metformin derivative phenformin
(Fig. S5). In confirmation of the OA data, primary neurons were
also treated with the more specific PP2A inhibitor fostriecin.
Again, whereas phosphorylation at Ser202 increased after treat-
ment with 1 uM fostriecin over 4 h and decreased after treatment
with 2.5 mM metformin over the same period, metformin did not
have any effect on fostriecin-pretreated cells (Fig. 3B).

Because metformin had been shown in other systems to acti-
vate AMPK, an antagonist of mTOR, we assumed that metfor-
min would activate PP2A via AMPK activation. To examine this
hypothesis, primary cortical neurons were treated with 2.5 mM of
metformin and analyzed by Western blot for the phosphorylation
of the AMPK target ACC using an antibody detecting phos-
phorylated Ser79. The AMPK agonist AICAR was used as
a positive control. To our surprise, though ACC phosphorylation
significantly increased after AICAR treatment, neither metfor-
min (Fig. 44) nor phenformin (Fig. S6) had an effect on the
phosphorylation pattern of ACC. Analysis of the phosphoryla-
tion pattern of AMPK itself showed that metformin does induce
AMPK phosphorylation significantly after incubation with 2.5
mM metformin for 10 h (Fig. 4B). However, no significant effect
was seen after shorter intervals of incubation with 2.5 mM met-
formin or when using smaller amounts of metformin for a time
period of 24 h (Fig. 4C), indicating that metformin does not
induce AMPK activity in primary cortical neurons in the con-
centration and the time intervals that are necessary for PP2A
activation and tau dephosphorylation. Furthermore, we did not
find a significant effect of the AMPK agonist AICAR on the
phosphorylation pattern of tau during the first 16 h of treatment
(Fig. 4D), which further indicates that AMPK activation alone is
not sufficient to mimic the effect of metformin on tau and that

PNAS | December 14,2010 | vol. 107 | no.50 | 21831

NEUROSCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0912793107/-/DCSupplemental/pnas.200912793SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0912793107/-/DCSupplemental/pnas.200912793SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0912793107/-/DCSupplemental/pnas.200912793SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0912793107/-/DCSupplemental/pnas.200912793SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0912793107/-/DCSupplemental/pnas.200912793SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0912793107/-/DCSupplemental/pnas.200912793SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0912793107/-/DCSupplemental/pnas.200912793SI.pdf?targetid=nameddest=SF6

L T

/

1\

BN AS  PNAS D)

Fig. 2. Metformin induces dephosphor- A 5 Met 120 4
ylation of tau at PP2A-sensitive sites. E L .. 5 100
Representative Western blots and quan- A )
tifications of three or four independent pSer202 ‘§ 80 1
experiments are shown in A-D, F, and G. - g 60 1
Band intensities were normalized to ac- Beeist g .0l
tin and compared with total tau (Tau 5). 'T'ag-- —-— fé

(A) Primary cortical neurons of wild-type —— 20 1
mice were treated with 2.5 mM metfor- Actin 0
min (Met) over increasing time intervals.

Cell lysates were analyzed by Western B Met

blot using antibodies detecting phos- T E E % z 120
phorylation at specific PP2A-sensitive tau ‘é e o w & g 100
sites (Ser202, Ser262, Ser356; n = 3). (B) e 50 1
Primary cortical neurons from wild-type pSer202 é 80 -
mice were treated with increasing con- hendandeand d B
centration of metformin over 4 h. Cell jafs_ - e 2 0
lysates were analyzed by Western blot Actin = 20 1
using an antibody detecting phosphory- 0
lation at Ser202 (n = 4). (C) Primary cor-

tical neurons of wild-type mice were C 140 =
treated with 2.5 mM metformin over in- e Met 120 4
creasing time intervals. Cell lysates were s § 5 & ¥ -
analyzed by Western blot using an anti- ——emreme
body detecting phosphorylation at the pSer3gs 8 801
PP2A-insensitive tau site Ser396 (n = 3). . — - § 60 4
(D) Primary cortical neurons of transgenic Taus % 40 1
mice expressing human tau instead of ::t:__— = 20 4
murine tau were treated with increasing o

Ocontrol 120 Ocontrol
:”‘ € Met 100 O2h
2h & < c & W4h
B4h - —] = g 80
— F *
pSer262 E 60
——— .
Taud o 40
— — — D
Actin 20
0
E 35
Ocontrol 3
00.5 mMm 0T 25
81.0mMm 38" Ocontrol
oo
m25mM g5 2 01.0mM
m35mM ‘gi% 15 B25mM
%g 1 m5mM
0,5
0
F 3% 120 Ocontrol
% s = % = 100 1 0100nM
B o 50 ] HipM
Ocontrol  S————— 3 =10uM
o2n pSer202 § 60
B4h — o —— 40
[y
W6h Tau5 2
20
Actin
0 L

concentration of metformin over 4 h. Cell
lysates were analyzed by Western blot D

using an antibody detecting phosphory- . 120
lation at Ser202 (n = 3). (E) TUNEL assay % E E E ;.3100
of primary cortical neurons of wild-type 8 < o & 5 80
mice treated with increasing concen- SRy e A 2 60
trations of metformin. Percentages of e - S
apoptotic cells are shown. (F) Primary Taus (a g
cortical neurons of wild-type mice were -_—— 20
treated with low concentrations of met- Actin 04

formin over 24 h. Cell lysates were ana-

G 120 7

_ Ocontrol
Beontrol g _Metformin _ 100 1 o2h
01.0 mM S £ = & & -
— © N F < = g4 4h
. —— 3 m1oh

W35mM pSer202 £ 60 4

——" e %‘
* Taus g 497 T

— - —

actin 20

L.

lyzed by Western blot using an antibody detecting phosphorylation at Ser202 (n = 3). (G) Primary cortical neurons of wild-type mice were treated with 2.5 mM
metformin over increasing time intervals in medium without insulin. Cell lysates were analyzed by Western blot using an antibody detecting phosphorylation at

Ser202 (n = 3). *P < 0.05.

metformin could mediate tau dephosphorylation independently
of AMPK.

Metformin Interferes with the Composition of the PP2A Protein
Complex. To analyze if metformin has direct effects on PP2A
activity, either purified PP2Ac (catalytic subunit of PP2A) or
PP2A holoenzymes, which were immunopurified from HeLa cell
lysates using a PP2A-A subunit-specific antibody, were incubated
with or without 10 mM metformin or 10 nM OA. Subsequently,
PP2A activity was measured with a commercial PP2A activity
assay. Though no influence of metformin on purified PP2Ac was
measured (Fig. 54), activity of the immunopurified PP2A pro-
tein complex was significantly increased after metformin in-
cubation (Fig. 5B), indicating that the metformin effect on PP2A

Fig. 3. Inhibition of PP2A blocks the met- A 800
formin effect on the phosphorylation of tau. E § 700
Representative Western blots and quantifi- § 3 % ZEew
cations of three or four independent experi- et
ments are shown in the subsequent experi- pSer202 5 400
ments. Band intensities were normalized to Es- ——— § 300
actin and compared with total tau (Tau 5). SE— @ 200
(A) Primary cortical neurons of wild-type eun 100
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activity is mediated by a component of the PP2A protein com-
plex. The PP2A inhibitor OA reduced the activity of purified
PP2Ac and the PP2A immunocomplex significantly. Furthermore,
we have treated primary neurons with metformin and analyzed
PP2A activity in the cell lysates. Again, metformin treatment led
to a significantly increased phosphatase activity (Fig. 5C).

PP2A activity can be regulated by association of PP2Ac with
the a4 protein. a4 binds to the B-box domains of the MID1
protein and thereby triggers the binding of the microtubule-
associated pool of PP2Ac to the ubiquitin ligase MID1. Via this
interaction, MID1 can ubiquitinate PP2Ac and induce its pro-
teasomal degradation, thereby regulating the activity of micro-
tubule-associated PP2Ac (25). To test if metformin might induce
the activity of PP2A by interfering with its negative regulators
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only metformin (Met, 2.5 mM), or with OA (10 nM) before metformin (2.5 mM) for 4 h. Cell lysates were analyzed by Western blot using an antibody detecting
phosphorylation at a specific PP2A-sensitive tau site (n = 4). *P < 0.05. (B) Primary cortical neurons of wild-type mice were treated with either fostriecin (Fost, 1
pM), only metformin (Met, 2.5 mM), or with fostriecin (1 pM) before metformin (2.5 mM) over 4 h. Cell lysates were analyzed by Western blot using an
antibody detecting phosphorylation at a specific PP2A-sensitive tau site (n = 3). *P < 0.05.
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MID1 and a4, we analyzed the binding of the protein complex in
an in vitro assay. All three proteins (o4, the B-box domains of
MID1, and PP2Ac) were expressed in Escherichia coli and mixed
to allow protein complex assembly. Afterward the complexes were
bound to a column via the His-tagged PP2Ac. Interestingly, both,
the B-boxes and o4 could be eluted from the column by adding
metformin to the washing buffer (Fig. 5D). To confirm that met-
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Fig. 5. Metformin increases PP2A activity in vitro. Three independent
experiments were measured in A-C. (A) Purified PP2Ac was incubated with
or without metformin (10 mM) or OA (10 nM). PP2A activity was determined
in a malachite green assay. (B) Immunoprecipitated PP2A holoenzymes were
incubated with or without metformin (10 mM) or OA (10 nM). PP2A activity
was determined in a malachite green assay. (C) Cells were treated with or
without metformin (2.5 mM) and lysed. PP2A activity was determined in
a malachite green assay (n = 3). *P < 0.05. (D) Assembly of the PP2Ac- MID1-
a4 protein complex is influenced by metformin. Affinity chromatography
analysis shows the binding of immobilized PP2Ac to the MID1 B-box domains
and o4. The flow-through, the washing fraction, the fraction obtained with
a buffer containing 100 uM metformin, and the final elution fraction were
collected and analyzed on SDS gels. Gels were stained with Coomassie. (E)
Association between PP2Ac and o4 is influenced by metformin. Coimmu-
noprecipitations of PP2Ac and V5-tagged o4 in the presence or absence of
metformin were performed and analyzed on Western blots using PP2Ac- or
V5-specific antibodies. This experiment has been repeated three times.
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Fig. 4. Metformin effects on the phosphorylation of tau
are AMPK independent. Representative Western blots and
quantifications of three to five independent experiments
are shown in the subsequent experiments. (A) Primary
cortical neurons of wild-type mice were treated with either
2.5 mM of metformin (Met) or with 5 mM of AICAR over
increasing time intervals. Cell lysates were analyzed by
Western blot using an antibody detecting phosphorylation
of the AMPK target ACC. Band intensities were compared
with total ACC (n = 4). (B) Primary cortical neurons of wild-

z;‘?:m type mice were treated with 2.5 mM metformin over in-
B4n creasing time intervals. Cell lysates were analyzed by
Bsh Western blot using an antibody detecting phosphorylated
®16h AMPK (pThr 172). Band intensities were compared with

total AMPK (n = 3). (C) Primary cortical neurons of wild-type
mice were treated with increasing concentrations of met-
formin over 24 h. Cell lysates were analyzed by Western
blot using an antibody detecting phosphorylation of AMPK
(pThr 172). Band intensities were normalized to AMPK total
(n = 3). (D) Primary cortical neurons of wild-type mice were
treated with 5 mM of AICAR over increasing time intervals.
Cell lysates were analyzed by Western blot using an anti-
body detecting phosphorylation at a specific PP2A-sensitive
tau site. Band intensities were normalized to actin and
compared with total tau (Tau 5; n = 5). *P < 0.05.

formin inhibits the assembly of the MID1-a4-PP2Ac complex in
cells, we performed coimmunoprecipitation experiments using
overexpressed V5-tagged a4 protein and analyzed the amount of
PP2Ac that is associated with a4 in the presence or absence of 2.5
mM metformin. Clearly, addition of 2.5 mM metformin to lysates
of a4-V5-expressing HeLa cells led to a dissociation of a4 from
PP2Ac (Fig. SE). Taken together, these data suggest that met-
formin activates PP2A activity by inhibiting the binding of PP2Ac
to its negative regulators MID1 and o4.

Metformin Induces Dephosphorylation of Tau in Vivoe. Metformin
had previously been shown to be active in the brain after oral
administration (26, 27). Chen et al. (27) have found that a dosage
of only 2 mg/mL in the drinking water fed to mice for 6 d would
cause equivalent levels of 1 uM of metformin in the brain. To see
if metformin would activate PP2A and dephosphorylate tau in
vivo, we fed pairs of mice with or without 5 mg/mL of metformin
in the drinking water for 16-24 d. Brains were lysed and analyzed
via Western blot for phosphorylation of S6 and AMPK. Though
no induction of AMPK phosphorylation was seen, S6 was sig-
nificantly dephosphorylated in the metformin-treated samples
(Fig. 6 A and B and Fig. S74). Phosphorylation of tau was tested
at Ser202 using both an antibody detecting the phosphorylated
form and the tau-1 antibody that detects tau dephosphorylated
at the same site. In addition, epitopes Ser262 and the PP2A-
independent epitope Ser396 were analyzed. A significant de-
crease of Ser202 and Ser262 phosphorylation and an increase
of the dephosphorylated form of tau at position Ser202 were
observed in the metformin-treated mice (Fig. 6C and Fig. S7B),
indicating that metformin has an in vivo effect on the phosphor-
ylation of tau. In confirmation with the data in the primary neu-
rons, no effect of metformin on Ser396 was detected (Fig. 6D).

Discussion

Hyperphosphorylation of the microtubule-associated tau protein
is a major component in the pathogenesis of AD and related
tauopathies. We show here that, in confirmation with the liter-
ature, several of the sites that are hyperphosphorylated in AD
respond to OA treatment, an inhibitor of PP2A activity. Fur-
thermore, we show that the anti-type II diabetes medication
metformin and its derivative phenformin activate PP2A and ef-
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Fig. 6. Metformin decreases tau phosphorylation in vivo. Pairs of wild-type
mice were fed with or without 5 mg/mL of metformin in the drinking water
for 16-24 d. Representative Western blots and quantification of three
technical replicates are shown in the subsequent experiments. (A) Brains
were lysed and analyzed via Western blots for phosphorylation of S6. Band
intensities were compared with actin. (B) Brains were lysed and analyzed via
Western blots for phosphorylation of AMPK (pThr 172). Band intensities
were compared with AMPK total. (C) Brains were lysed and analyzed via
Western blots for phosphorylation of Tau. pSer202 was detected using
a phospho-specific pSer202 antibody and a taul antibody, which detects
dephosphorylated Ser202. Phosphorylation at position Ser262 was detected
using a phospho-specific Ser262 antibody. Band intensities were normalized
to actin and compared with total tau (Tau5). (D) Brains were lysed and an-
alyzed via Western blots for phosphorylation of the PP2A-insensitive site
pSer396. Band intensities were normalized to actin and compared with total
tau (Tau5). *P < 0.05.

ficiently dephosphorylate tau in vitro and in vivo in a PP2A-
dependent manner.

PP2A is regulated by the kinase mTOR (19), and both
enzymes affect the phosphorylation status of p70S6kinase and
the ribosomal protein S6. As we show here, the phosphorylation
status of p70S6kinase and S6 is reduced after metformin treat-
ment. However, it is difficult to distinguish if metformin activates
PP2A or, as had been postulated before in cancer cells, primarily
inhibits mTOR activity (22, 28). Here we found that metformin
has a direct effect on the association between PP2Ac, the regu-
latory subunit of PP2A—oa4—and the ubiquitin ligase MIDI1,
which targets microtubule-associated PP2A for degradation via
the proteasome. Our data suggest that metformin interferes with
PP2A activity directly by inhibiting its proteasomal degradation
rather than via mTOR inhibition.

In a recent paper, Meske and coworkers (29) demonstrated
that PP2A activity and GSK3p, which is the PP2A counteracting
kinase on many tau phosphorylation sites, are tightly regulated
in neurons. Consistent with their data, we did not see an effect
of the AMPK agonist AICAR on the phosphorylation of tau
(Ser202) in the first 8 h of treatment, although AMPK is acti-
vated within that time. Furthermore, we found that metformin
reduces the phosphorylation of GSK3p at position Ser9, thereby
activating the enzyme (Fig. S8). Taken together, these data and
our observations suggest that (i) in primary neurons, metformin
has an acute and prolonged effect on the activity of PP2A, which
is likely to overcome GSK3p counterregulation of tau phosphor-
ylation, and (if) AMPK activation alone is not sufficient to mimic
the action of metformin on the phosphorylation of tau.

It is perhaps surprising that we found that metformin and
phenformin effects on tau phosphorylation in primary cortical
neurons seem to be largely independent of AMPK. It is generally
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accepted that metformin, by inhibiting complex I of the respi-
ratory chain, leads to a rise of cellular AMP:ATP ratios. AMP
binding to AMPK increases AMPK phosphorylation by LKB1,
which then results in an increase of AMPK activity (30). However,
there is growing evidence that metformin also functions in an
AMPK-independent manner in several cell systems. Thus, met-
formin has been shown to suppress the overexpressed oncopro-
tein HER?2 in breast cancer cells (22) and to decrease prostate
tumor cell growth by influencing cyclin D1 levels (31). In both
cases, metformin effects are not abolished by AMPK inhibition.
HER?2 suppression, however, can sufficiently be blocked by
knockdown of the PP2A and mTOR target p70S6kinase, pointing
at a PP2A/mTOR-dependent mechanism underlying metformin
function. Also, some of the metabolic effects seen in isolated
working rat hearts and cultures of heart-derived cells after met-
formin treatment clearly seem AMPK independent (32). In ac-
cordance with these data, we show here that metformin has an
immediate effect on the phosphorylation of the PP2A/mTOR
targets p70S6 kinase, S6, and tau, but does not show a significant
influence on the phosphorylation of the AMPK target ACC, and
only a comparably small effect on AMPK itself in primary cortical
neurons at the concentrations used here. Its effects are efficiently
blocked by the PP2A inhibitors OA and fostriecin. Furthermore,
whereas metformin (and its derivative phenformin) reduce tau
phosphorylation acutely, the AMPK agonist AICAR does not seem
to have a comparable effect. This points to an AMPK-independent
mode of action of metformin on PP2A activity, or at least to one
requiring more than simply AMPK activation.

Rapamycin-sensitive association of the catalytic PP2A sub-
unit with the yeast protein TAP42 or its mammalian homolog a4
plays an important role in the regulation of PP2A activity and is
probably the most important link between mTOR and PP2A.
Importantly, inhibition of mTOR by rapamycin leads to the
dissociation of PP2A and a4. The interaction between PP2A and
a4 is an unconventional association that involves the catalytic
subunit but not the structural A subunit and seems to influence
PP2A activity in a tissue-dependent way (33-35). We show here
that metformin influences the association between PP2A and o4,
thereby possibly inducing PP2A activity.

Recently growing evidence for beneficial effects of metformin on
diseases other than diabetes have been presented—particularly,
metformin long-term use is associated with lower risk of certain
cancers (36, 37). In contrary to such beneficial effects, metformin
has been found to induce BACEI transcription and to increase Ap
production in neuronal cell lines and primary neurons in the ab-
sence of insulin (27). Ap forms the core of amyloid plaques, which
are the second pathogenic hallmark in brains of AD patients.
However, these effects can be inverted by the addition of in-
sulin, leaving the question open of what effects metformin would
cause on BACEI expression and AP production in an individ-
ual with normal insulin levels. Our data show a significant insulin-
independent influence of metformin and its derivative phenformin
on the phosphorylation pattern of the AD-related tau protein,
both after acute and chronic treatment and in vitro and in vivo. Our
data therefore suggest a potential beneficial effect of long-term
metformin treatment and raise the hope that metformin would
have a neuroprotective and prophylactic effect in patients with
the predisposition for AD. In a next step, this would have to be
shown in AD mouse models. However, most of the available AD
mouse models express a mutant tau variant, which has been found
in the rare familial forms of AD with early onset. Ideally, metfor-
min regulation of tau phosphorylation and cognition has to be
examined in models of sporadic AD.

Methods

Primary Cultures. Primary cortical neurons were isolated from brain of WT or
transgenic [Maptt™'ESFPIt To(MAPT)8cPdav/J; Jackson Laboratory] embryos
at day 14.5. Cortices were collected in DMEM (Lonza), and cells were dis-
sociated by incubation with trypsin/EDTA for 6.5 min at 37 °C. Cells were
then diluted in neurobasal medium (Gibco-BRL) containing B27 supplement
(Gibco-BRL). Cells were plated at a density of 4.0 x 10° onto 0.2 mg/mL poly-
D-lysine (Sigma) and 2 pg/mL laminin-coated (Sigma) 12-well plates. Neurons
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were incubated at 37 °C with 8% CO,. One hour after seeding, a complete
change of medium was performed. Later, each 96 h, half-volumes of the
medium were replaced by fresh medium. After 7 d in culture, neurons
were treated.

Treatments. Cells were incubated with the respective substances as follows:
metformin (Sigma) at final concentrations up to 2.5 mM for 1 to >24 h; OA
(Sigma) at final concentrations from 1 nM to 10 nM for 4 h; fostricien (Sigma) at
final concentration of 1 uM for 4 h; and AICAR (Cell Signaling) at final con-
centration of 5 mM for 0.5-16 h. For cell treatment without insulin, medium
containing B27 and insulin supplement was replaced with medium containing
B27 supplement without insulin 24 h before treatment. Three groups of two
mice were treated with or without 5 mg/L metformin in the drinking water.

Tissue Preparation. Mice were decapitated and brains were rapidly dissected in
nitrogen. Brains were homogenized in ice-cold lysis buffer containing 10 mmol/L
Tris (pH 7.5), 150 mM Nacl, 1 mM EDTA, 1 mM EGTA, 1% Nonidet P-40, protease
inhibitors (Complete Mini; Roche), and phosphatase inhibitors (PhosStop; Roche).
Lysates were sonicated and centrifuged at 25,000 x g for 10 min at 4 °C.

Western Blot and Antibodies. Cell pellets were homogenized in Magic-Mix
[48% urea, 15 mM Tris-HCl (pH 7.5), 8.7% glycerin, 1% SDS, 0.004% brom-
phenol blue, 143 mM mercaptoethanol], sonicated, and boiled for 5 min at
95 °C. Proteins were resolved on 8% or 10% SDS gels and blotted onto PVDF
membranes (Roche). Antibodies used in this study were purchased from the
following companies: Tau-5 (Biosource), anti-human PHF pSer202 (Thermo
Scientific), Tau pSer356 (Biosource), Tau pSer262 (Biosource), Tau pSer396
(Sigma), Actin (Sigma), ACC (Cell Signaling), ACC pSer79 (Cell Signaling),
phospho-S6 ribosomal protein pSer241/244 (Cell Signaling), p70S6 kinase
(Cell Signaling), p70S6K pThr421/pSer424 (Cell Signaling), mTOR (Cell Sig-
naling), AMPK (Cell Signaling), AMPK pThr172 (Cell Signaling), HRP anti-
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rabbit (Amersham), and HRP anti-mouse (Dianova). The resulting bands
were quantified using Imagequant5.2. Statistical analyses were performed
using SigmaStat software package (v 3.0; SPSS). For time course or dose—
response studies, data were analyses by one-way ANOVA with post hoc
Dunnett’s or Bonferonni test to accommodate for multiple comparisons. A
Student’s t test was used for two-group comparisons, as appropriate.

TUNEL Assay. Primary neurons were grown on coverslips with a density of 2 x
10° per 12-well. TUNEL assays were performed using TUNEL enzyme (Roche)
and TUNEL label (Roche) following the manufacturer’s instructions.

PP2A Activity Assay. Purified PP2Ac (Upstate), cell lysates, or PP2A-holoenzymes,
which were purified by immunoprecipitation using a PP2A-A subunit antibody
(Millipore), were incubated with or without 10 mM metformin or 10 nM OA for
1 h. Afterward, PP2A phosphatase activity was determined using a Malachite
Green Assay Kit (Upstate) following the manufacturer’s instructions.

Affinity Chromatography. The MID1-B-box domains, a4, or His-tagged PP2Ac
were expressed in E. coli BL21. Cells were lysed by French press in buffer A
[50 mM sodium phosphate, 300 mM NaCl, 20 mM imidazole (pH 8.0)].
Lysates were mixed, and PP2A protein complexes were immobilized on Ni-
NTA columns (Qiagen) and washed extensively with buffer A containing
10% glycerol and 0.25% Tween 20. Afterward, columns were eluted with
buffer A containing 100 pM metformin. Final elution of all proteins bound to
the column was done using buffer A with 500 mM imidazole. All fractions
were analyzed on SDS gels followed by Coomassie staining.
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