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Abstract:

Recently, it has been reported that metformin may attenuate inflammation and directly act on the central nervous system. Using the

HPLC method, in Wistar rats, we assessed the changes in metformin concentrations in various brain regions (pituitary gland, olfac-

tory bulb, hypothalamus, cerebellum, hippocampus, striatum, frontal cortex), cerebrospinal fluid and plasma after single and chronic

oral administration, in the model of systemic inflammation induced by lipopolysaccharide (ip). Regarding the influence of systemic

inflammation on metformin distribution, the pituitary gland demonstrated the highest its level after single and chronic administration

(28.8 ± 3.5 nmol/g and 24.9 ± 3.2 nmol/g, respectively). We concluded that orally-dosed metformin rapidly crosses the blood-brain

barrier and differently accumulates in structures of the central nervous system.
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Abbreviations: AD – Alzheimer’s disease, AMPK – adeno-

sine monophosphate-activated protein kinase, BBB – blood-

brain barrier, b.wt. – body weight, CNS – central nervous system,

CSF – cerebrospinal fluid, HPAA – hypothalamic-pituitary-adrenal

axis, HPLC – high-performance liquid chromatography, IS – in-

ternal standard, LC/MS – liquid chromatography – mass spec-

trometry, LOD – limit of detection, LOQ – limit of quantification,

LPS – lipopolysaccharide, N.D. – not detectable, PBS – phos-

phate-buffered saline, RT – room temperature

Introduction

Metformin (N-1,1-dimethylbiguanide), introduced into

clinical use in the late 1950s, is the only drug of the

biguanide class currently used in the treatment of type

2 diabetes mellitus. The results of recent clinical and

experimental studies suggest that metformin, apart

from its hypoglycemic action, may attenuate both periph-

eral and central inflammation. The anti-inflammatory po-

tential of metformin has already been reported, par-

ticularly in many experimental models of peripheral

inflammation [11, 16, 20]. However, at present met-

formin is increasingly investigated as a drug directly

acting on the central nervous system (CNS). So far, it

has been shown that metformin prolongs survival

time in the transgenic mouse model of Huntington’s

disease [19], attenuates the induction of experimental auto-

immune encephalomyelitis [21], deteriorates the migration

and invasion of U87 and LN229 glioma cells [3], and ex-
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hibits a neuroprotective effect against etoposide-

induced apoptosis in primary cortical neurons [9].

Activation of AMP-activated protein kinase (AMPK)

constitutes metformin’s best known mechanism of action

[31]. It is also known that some of the biological re-

sponses to metformin are not limited to the activation of

AMPK, but are mediated by AMPK-independent mecha-

nisms, including inhibition of such different cellular tar-

gets as p70S6K1 [27], p38 mitogen-activated protein ki-

nase (p38 MAPK), and protein kinase C [25].

With respect to its physicochemical properties,

metformin is a small amphoteric molecule (129 Da)

with pKa values of 2.8 and 11.5. These features impli-

cate its high water solubility and low lipid solubility.

Due to the strongly basic character of the polar gua-

nidine moiety at pH 8, metformin under physiological

conditions exists in a positively charged protonated

form. The hydrophilic groups of the molecule are re-

sponsible for the changes in the cell membrane poten-

tial. On the other hand, the non-polar hydrocarbon chain

accounts for the extent of lipophilicity, allowing the drug

to bind to the lipid domains of the cell membranes [17].

The clinical pharmacokinetics of metformin are

well described in humans [26]. After a single oral ad-

ministration (at doses of 0.5–1.5 g) in healthy sub-

jects, the drug is incompletely absorbed from the gas-

trointestinal tract and has absolute oral bioavailability

of 50–60%. An inverse relationship is observed be-

tween the dose ingested and the relative absorption,

suggesting the involvement of an active, saturable ab-

sorption process. Previous results have shown that the

drug does not bind to plasma proteins and has a vol-

ume of distribution of around 4 l/kg [26]. Metformin

is eliminated mainly by active renal tubular secretion

and has an elimination half-life of 4–5 h. It seems that

after oral administration in humans, metformin under-

goes almost no biotransformation [17].

After a single oral dose (50 mg/kg) the drug

crosses the blood-brain barrier (BBB) and is detected

in the mouse brain [29]. Furthermore, Ma et al. [19]

and Nath et al. [21] found that orally administered

metformin in mice restores brain AMPK activation.

Because disturbances in AMPK activity are impli-

cated in many neuroinflammatory diseases such as

stroke, multiple sclerosis or Alzheimer’s disease (AD)

[21, 24], it remains to be determined whether the drug

interacts with its specific pharmacological target

within the brain [19, 21]. In other words, there is

a controversy over a central versus peripheral site of

metformin action.

In spite of wide use of metformin in various experi-

mental models of acute and chronic neuroinflamma-

tion in vitro and in vivo, little is known about the ac-

cumulation of the drug in the rodent brain structures,

making it difficult to appropriately choose doses or

concentrations in studies focused on central mecha-

nisms of drug action. The steady-state plasma level of

metformin in humans is reported to be around

10 µmol/l to 40 µmol/l [31], but frequently the con-

centrations employed in experimental studies are in

excess of those achieved in the plasma of diabetic pa-

tients. However, it is thought that metformin applied

over many years of treatment may accumulate in dif-

ferent tissues in concentrations up to 100-fold greater

than those achieved in plasma [28, 29].

In this study, we used the model of inflammation

evoked by single or chronic intraperitoneal (ip) injec-

tions of lipopolysaccharide (LPS) to assess the changes

in metformin levels in the brain structures, cerebro-

spinal fluid (CSF), and plasma after oral metformin

administration in Wistar rats using the high-performance

liquid chromatography (HPLC) method.

Materials and Methods

Chemicals

Metformin (1,1-dimethylbiguanide hydrochloride), LPS

(Escherichia coli serotype 0111:B4), ranitidine hydro-

chloride, hydrochloric acid, dimethyl sulfoxide,

methanol, acetonitrile, phosphate buffer, ultra-pure

distilled water, and EDTA were purchased from

Sigma-Aldrich (St. Louis, MO, USA). Solid-phase

extraction cartridges LiChrolut® RP-18 (1 ml, 100

mg, 40–63 µm) were purchased from Merck (Darm-

stadt, Germany).

Animals

Male Wistar rats from the Animal Farm of Medical Uni-

versity of Silesia, initially weighing between 180–195 g,

were allowed to adapt to the new conditions for 1

week before the beginning of the study. They were

housed 2 per cage under a controlled environment

[12-h light/dark cycle (light on 07:00), temp. 22 ± 2°C,

and relative humidity 50%] with free access to chow

and water. Rats were weighed every 4 days, and the

�����������	��� 
������ ����� ��� ������� 957

Quantification of metformin in rats by HPLC
��������� 	
���� � 
��



dosage and volume of metformin and LPS were ad-

justed according to weight. Furthermore, drug-free

(i.e., blank) blood plasma, CSF, and brain tissue were

obtained from normal (untreated) rats (n = 12;

230–260 g). Rats were anesthetized with 5% ha-

lothane inhalation and sacrificed by decapitation. The

study was approved by the Local Ethics Commission

for the Animal Experimentation.

Compounds and dosing

Metformin was dissolved at room temperature (RT) in

drinking water, under sterile conditions and vortexed

to obtain transparent solution. In acute experiments,

the rats were treated with metformin at a single dose of

150 mg/kg b.wt./2 ml (8 a.m.), whereas in chronic studies

the drug was administered at a dose of 300 mg/kg daily

(150 mg/kg b.wt./2 ml, twice a day, 8 a.m. and 8 p.m.).

The dose of metformin was based on previous rodent

studies in which central metformin effects were de-

tected [13, 21]. Metformin was administrated orally

by intragastric gavage.

LPS was dissolved in 500 µl of sterilized, pyrogen-

free saline and administrated ip at a dose of 125 µg/kg

and 2 µg/kg for acute and chronic experiment, respec-

tively. The doses of LPS used in the present study

were chosen on the basis of our previous experience

and literature data [4, 23].

Experimental protocols

Rats were treated with metformin with or without

LPS according to the five distinct protocols:

1. Acute oral administration of metformin (150 mg/kg).

Blood and whole brain samples were obtained from

different groups 1, 4, 6, 12, 24 and 48 h after admini-

stration of metformin. The rats (n = 10) were exam-

ined at each time point. Rats were sacrificed immedi-

ately before acquisition of blood and whole brain

samples;

2. Acute oral administration of metformin (150 mg/kg).

Six hours after the last drug administration, the rats (n

= 10) were decapitated to obtain plasma, CSF and

brain structures;

3. Acute oral administration of metformin and LPS (ip).

Two hours after the administration of metformin

(150 mg/kg), rats were treated with LPS (125 µg/kg

b.wt. ip) to obtain an acute inflammatory response, and

sacrificed 4 h later;

4. Chronic oral administration of metformin at a dose of

150 mg/kg twice a day (300 mg/kg daily) for three

weeks. The rats were decapitated 6 h after the administra-

tion of the last drug dose;

5. Chronic administration of metformin and LPS. The

rats were treated with metformin at a dose of

150 mg/kg twice a day (300 mg/kg daily) for three

weeks. To evoke the mild chronic inflammatory re-

sponse from the first day of metformin administra-

tion, LPS was injected ip at a subseptic dose (2 µg/kg

b.wt./day) once a day for three weeks. The animals

were sacrificed 6 h after the last administration of

metformin.

Plasma and CSF collection

For each mode of metformin administration, blood

samples (~2 ml) were taken by cardiac puncture from

the left ventricle of anesthetized rats (5% halothane,

1 min). Then, the blood was collected into plastic tubes

moistened with 10% solution of EDTA and centrifuged

(2500 × g, 4°C, 15 min) to obtain serum. Transparent se-

rum was separated from morphotic components, trans-

ferred into new tubes, and immediately frozen at –70°C.

To obtain CSF, the heads of anesthetized animals

were fixed in a stereotaxic frame (Harvard Apparatus,

USA). The needle was punctured into the cistern

magna (in depth 7 mm) for CSF collection. The blunt

end of the needle was inserted into 10 in. length of

PE-50 tubing and other end of the tubing was con-

nected to the plastic collection syringe. The samples

of transparent CSF (60–100 µl per rat) were stored at

–70°C. All the samples were considered stable in the

given temperature for at least 3 months [1].

For evaluation of the metformin concentration in

plasma and cerebrospinal fluid, we used the ion-pair

solid-phase extraction polymer cartridges (LiChro-

lut® RP-18, 1 ml, 100 mg, 40–63 µm) conditioned by

using the aqueous solution of 20 mmol/l sodium hep-

tanesulfonate. The eluent containing metformin was

collected, evaporated to dryness under a nitrogen

stream at 45°C, and reconstituted with 100 µl of the

mobile phase. After vortexing (60 s), the samples

were centrifuged (16,000 × g, 5 min), and the super-

natant was directly injected onto the autosampler

(20 µl). The samples were not diluted before HPLC

measurement.

958 �����������	��� 
������ ����� ��� �������



Collection of whole brain samples

After decapitation, the brains were removed, weighed,

rinsed thrice in phosphate-buffered saline (PBS), trans-

ferred to plastic tubes, and homogenized in 100 µl of

distilled water with tissue homogenizer for 3 min in

4°C on an ice-bath. Then, each sample was depro-

teinized with 1 ml of acetonitrile and 1.2 ml of metha-

nol with 57 µmol/l of internal standard (IS). After

vortexing (60 s) the suspension was filtered through

10 µm strainer and centrifuged (16,000 × g for 15

min). The clear supernatant was transferred into plas-

tic tubes, evaporated to dryness at 45°C under a nitro-

gen stream, and reconstituted with 100 µl of mobile

phase. After vortexing (60 s) the samples were centri-

fuged (16,000 × g for 5 min), and the supernatant was

directly injected onto the autosampler (60 µl). The

samples were not diluted before HPLC measurement.

Collection of brain regions

To determine the regional distribution of metformin in

the brain’s seven regions, pituitary gland, olfactory

bulb, hypothalamus, cerebellum, hippocampus, stria-

tum, and frontal cortex were isolated. The brains were

immediately removed after decapitation and washed

with ice-cold PBS. The brain regions were identified

and dissected on ice according to Paxinos and Wat-

son’s stereotaxic atlas [22] using stereomicroscope

(8–12× magnification, E-series zoom, Leica, USA).

After isolation the structures were cleaned from blood

vessels, choroid plexus, and meninges, rinsed in PBS

containing albumin (1 min, orbital shaker, 100 rpm),

and drained. Then, the samples were transferred into

1.5 ml plastic tubes, weighed and kept frozen at

–70°C until HPLC analysis. The brain fragments were

homogenized, as well as deproteinized with 400 µl of

acetonitrile and 500 µl of methanol with 57 µmol/l of

IS. After vortexing (60 s) the suspension of tissues

was filtered, evaporated to dryness at 45°C, reconsti-

tuted with 100 µl of mobile phase, and centrifuged.

Then, the obtained supernatant was directly injected

onto the autosampler (60 µl). The samples were not

diluted before HPLC measurement.

HPLC analysis

The concentrations of metformin in the above men-

tioned samples were determined with a previously de-

scribed, slightly modified HPLC method [10]. Raniti-

dine hydrochloride was used instead of hydrocodeine

as the IS. In order to provide the appropriate quality,

every IS portion was added to each of the evaluated

samples before centrifugation and injection onto the

HPLC system. The analyses were performed with use

of a Merck-Hitachi Chromatograph Series L-7000,

equipped with an L-7100 pump, L-7612 vacuum de-

gasser, L-7200 auto injector with a variable injection

valve, and an L-7420 UV detector. Separation was

performed using a pentafluorophenylpropyl column

(HS F5, 150 × 4.6 mm i.d., 5 µm, Supelco, Bellefonte,

PA). The mobile phase, consisting of 10 mmol/l am-

monium acetate (adjusted to pH 6.8 with an ammonia

solution) and acetonitrile (47.8:52.2 v/v), was filtered

through a 45 µm membrane filter and degassed by ul-

trasonication before use. The samples were eluted at a

flow rate of 1.3 ml/min, 30°C of column temperature

and assessed by a UV detector set at 233 nm. The ob-

tained data were evaluated by a Merck-Hitachi HPLC

System Manager Software (version 4.0).

Preparation of the standard solutions and

calibration curves

The metformin concentrations were calculated from

the standard curves prepared for each batch of sam-

ples. The stock solution of metformin (6 mmol/l) was

prepared in distilled water. Every sample contained 57

µmol/l of IS. Working standards of metformin (0.05,

0.1, 0.5, 1.0, 5.0, 10.0 and 15.0 µmol/l) were obtained

by diluting the stock solution in drug-free plasma,

CSF, and brain tissue homogenates. Stock and work-

ing standard solutions were stored at –20°C until

used. The calibration curves for metformin were con-

structed by plotting the area of the peaks versus the

concentrations. Linearity was observed within the

concentration range from 0.05 to 15 µmol/l. The cor-

relation coefficient (r) of separate calibration curves

varied between 0.9983 and 0.9987. The recovery of

the 0.05, 0.1, 0.5, 1.0, 5.0, 10.0 and 15.0 µmol/l of

metformin was 99.5 ± 5.31%, 99.1 ± 4.91%, 98.8 ±

6.33%, 98.1 ± 5.89%, 96.5 ± 7.32%, 95.8 ± 6.81%

and 94.5 ± 3.5%, respectively. The pH value of every

sample was below 8.0, which guaranteed the chemical

and enzymatic stability of metformin in tissue sam-

ples. These samples were collected and stored at

–20°C until assayed. Metformin was stable under

these storage conditions for at least one month [1].
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Method validation

A sensible and specific HPLC analytical method for

the quantitative analysis of metformin in the brain,

CSF and plasma was developed and validated. The

method was specific as only the analyte gave the

measured signal; in the blank sample, there were

peaks neither for analyzed metformin nor for the in-

ternal standard (ranitidine hydrochloride) (Figs. 1 and

2). The precision of the method was calculated as an

inter- and intra-day coefficient of variation and the pa-

rameters were found to be below 9.8% and 8.11% for

plasma and the rest of samples, respectively. The ac-

curacy of the method was measured as a relative error.

The intra-day relative error varied between 0.6 and

8.2%, whereas the inter-day relative error was found

to be between 0.6 and –6.3%. It was less than or equal

to 15% and was acceptable considering other authors’

findings [1]. The calibration curves were linear in the

concentration range from 0.05 µmol/l to 15 µmol/l

with the correlation coefficient greater than 0.99. The

limit of detection (LOD) and the limit of quantifica-

tion (LOQ) for metformin were calculated to be 0.01

µmol/l and 0.02 µmol/l, respectively. The retention

times for metformin and IS in the rat plasma samples

were approximately 9.56 min and 4.91 min, respec-

tively, while in the cerebrospinal fluid and brain sam-

ples were approximately 12 min and 6 min, respec-

tively. The recovery coefficients of the method meas-

ured between 96.6–98.8%. The results from the

validation obtained for our method are acceptable and

comparable to those obtained by other authors [10].

Statistical analysis

The results are expressed as the mean ± standard de-

viation (SD). The normality of distribution was evalu-

ated using a Shapiro-Wilk’s test. The statistical analy-
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sis of the data was performed using ANOVA followed

by the Bonferroni test for multiple comparisons. The

differences were considered significant for p < 0.05.

The statistical analysis was performed using a SPSS

statistical software package (SPSS 16.0 for Windows,

Chicago, IL, USA).

Results

At first, the accumulation of orally administered met-

formin (150 mg/kg) was measured at intervals over 48

h in plasma and the brain of treated rats (Tab. 1). The

concentration of metformin in plasma was highest 1 h

after administration (27.8 ± 3.3 µmol/l) and then di-

minished (48 h after the drug was not detectable). The

maximum level (13.5 ± 2.3 nmol/g) of metformin in

the rat brain was achieved 6 h after administration.

We also calculated the brain-to-plasma ratio as an

indicator of compound’s ability to cross the BBB

(Tab. 1). Six hours after administration, metformin

had a brain-to-plasma ratio of about 0.99, which indi-

cated that the drug concentration in brain tissue was

almost equal to the plasma concentration. Based on

the results obtained in this initial experiment, in the

next steps of the study on brain distribution we de-

cided to sacrifice animals 6 h after the last metformin

administration.

We evaluated the concentrations of metformin after

acute (150 mg/kg) and chronic oral administration

(150 mg/kg twice a day for 3 weeks) in various brain

regions, as well as the plasma and CSF of rats treated

with or without LPS (at a dose of 125 µg/kg and

2 µg/kg for acute and chronic experiments, respec-

tively). As indicated in Table 2, significant differences

between regions of the rat brain were observed for

various schemes of metformin treatment. In the group

treated with a single oral dose, the regions containing

the highest levels of the drug were, in decreasing or-

der, as follows: cerebellum > olfactory bulb > pitui-

tary gland > hypothalamus > frontal cortex > hippo-

campus > striatum. Region by region comparisons in

the rats that received single ip injection of 125 µg/kg

LPS revealed that the drug levels were higher, except

for the olfactory bulb, cerebellum, frontal cortex, and

hippocampus. Consequently, regions containing the

highest levels of the drug were, in decreasing order, as

follows: pituitary gland > hypothalamus > cerebellum

> olfactory bulb > frontal cortex > striatum > hippo-

campus.

After chronic oral administration of metformin, we

observed accumulation of the drug in the pituitary

gland, hippocampus, and frontal cortex. However,

metformin levels were lower in the striatum, cerebel-

lum, hypothalamus, and olfactory bulb in comparison

with the group treated with a single oral dose (Tab. 2).

Analysis of metformin concentrations in various brain

regions isolated from the rats with chronic inflamma-

tion induced by injections of LPS showed higher lev-

els of the drug in the pituitary gland, olfactory bulb,

striatum, and hypothalamus in comparison with the

animals untreated with LPS. At the same time, met-

formin levels were significantly lower in the hippo-

campus, cerebellum, and frontal cortex. Furthermore,

the drug concentrations in rat plasma after chronic

treatment with or without LPS were lower in compari-

son with the values measured after a single dose.

In contrast to plasma, chronic treatment with met-

formin resulted in an increased level in CSF when

compared to single administration. Additionally, in

both acute and chronic experiments we observed

a lower drug concentration in CSF samples obtained

from animals simultaneously treated with LPS.

Discussion

The present study was undertaken to determine by

HPLC-UV the concentrations of metformin (after

acute and chronic oral administration) in the brain,

CSF, and plasma of Wistar rats with inflammation in-
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Time
h

Plasma µmol/l Brain
nmol/g

Brain-to-plasma
ratio

1 27.8 ± 3.3 5.6 ± 1.8 0.2

4 17.2 ± 4.8 11.9 ± 2.9 0.69

6 13.8 ± 2.8 13.5 ± 2.3 0.99

12 6.2 ± 1.4 4.0 ± 1.2 0.64

24 2.1 ± 0.6 3.1 ± 1.1 1.48

48 N.D. 1.5 ± 0.8 N.D.



duced by peripheral injections of LPS. Additionally,

to the best of our knowledge, we are the first to de-

scribe the brain region-specific differences in the dis-

tribution of metformin, which may further enhance

our understanding of the biological effects of its ac-

tion. Our results clearly demonstrated that metformin

concentrations varied between different regions, and

inflammation influences the drug levels in selected

brain areas, plasma, and CSF.

So far, only a few studies have analyzed metformin

concentrations in the whole rodent brain or specific

brain structures. The first study by Beckmann (1971)

on metformin distribution in mice showed that 2 h af-

ter a single oral dose of 14C metformin (150 mg/kg)

there was a measurable accumulation of drug in brain

tissue [2]. Then, Wilcock and Bailey administered

a single oral dose of 14C metformin (50 mg/kg) to

mice [28]. Nevertheless, the authors also examined

the mouse brain as a whole and found that the highest

level of metformin occurred 4 h after administration

(17 ± 5 nmol/g wet weight). At the same time, the plasma

concentration of metformin was 14.7 ± 2.9 µmol/l

[28]. Recently, Chen et al. [6] treated C57B6 mice

with metformin at 2 mg/ml in drinking water for 6

days. Measurement of the metformin concentration in

these animals using liquid chromatography-mass spec-

trometry (LC-MS) showed that it reaches 2 µmol/l in

plasma and 1 µmol/l in forebrain region.

For the first time, the present study revealed that in

rats untreated with LPS the regions with the highest

metformin concentrations were the cerebellum (17.1

± 2.4 nmol/g) and pituitary gland (21.5 ± 3.4 nmol/g)

for acute and chronic administration, respectively.

However, the striatum presented the lowest drug level

in both dosage schemes of metformin in these rats

(2.2 ± 0.6 nmol/g and 1.9 ± 0.3 nmol/g, respectively).

Regarding the influence of inflammation on the distri-

bution of metformin in brain, the pituitary gland was

the region with the highest accumulation achieved

after both single and chronic administration (28.8 ±

3.5 nmol/g and 24.9 ± 3.2 nmol/g, respectively). It

should be also noted that both acute and chronic in-

flammation causes accumulation of metformin in the

hypothalamus (16.5 ± 2.5 nmol/g and 8.1 ± 1.7 nmol/g,

respectively) and the striatum (6.6 ± 0.7 nmol/g and

9.9 ± 1.2 nmol/g, respectively). The observed differ-

ences in metformin concentrations across various

brain regions were apparently greater after chronic
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Metformin
acute oral

administration
150 mg/kg

Metformin
acute oral

administration
150 mg/kg

+
LPS ip

125 µg/kg

Metformin
chronic oral

administration
150 mg/kg
twice a day
for 3 weeks

Metformin chronic
oral administration
150 mg/kg twice a

day for 3 weeks
+

LPS ip
2 µg/kg for 3 weeks

A B C D

Striatum nmol/g 2.2 ± 0.6* 6.6 ± 0.7� 1.9 ± 0.3� 9.9 ± 1.2

Hippocampus nmol/g 4.9 ± 1.1� 5.9 ± 1.1 7.3 ± 1.0� 4.3 ± 0.7

Cerebellum nmol/g 17.1 ± 2.4� 16.1 ± 3.1� 7.8 ± 1.2� 3.2 ± 0.9

Hypothalamus nmol/g 8.0 ± 2.1* � 16.5 ± 2.5� 3.4 ± 0.4� 8.1 ± 1.7

Olfactory bulb nmol/g 11.3 ± 1.6 11.0 ± 1.5� 9.6 ± 2.7� 15.8 ± 2.1

Pituitary gland nmol/g 9.9 ± 1.4* � 28.8 ± 3.5 21.5 ± 3.4 24.9 ± 3.2

Frontal cortex nmol/g 7.7 ± 1.0� 7.6 ± 1.4� 11.7 ± 2.1� 4.3 ± 1.0

Plasma µmol/l 14.3 ± 2.1� 15.5 ± 3.4� 3.0 ± 0.7� 7.6 ± 0.8

CSF µmol/l 36.6 ± 2.7* � 30.2 ± 1.2 44.3 ± 2.2� 30.4 ± 1.0



administration of the drug with LPS (except the pitui-

tary gland) (Tab. 2).

The potential influence of Escherichia coli LPS on

the pharmacokinetic parameters of metformin after

oral administration in rats might be excluded in light

of a recent study by Cho et al. [7]. These authors evalu-

ated the time-dependent (2 h, 24 h, 96 h) effects of

LPS on the oral metformin pharmacokinetics. The to-

tal areas under the plasma concentration-time curve

from time zero to time infinity of metformin were

comparable among cited groups of rats [7]. Further-

more, it has been reported that LPS at the doses em-

ployed in our study does not disrupt the BBB in rats

[4]. In this view, the observed changes in metformin

concentrations in different brain regions under differ-

ent regimens of treatment may result from up-

regulation or down-regulation of the determinants of

the intracellular accumulation of metformin, such as

membrane-bound organic cation transporters [8] or

mitochondria [29]. Since this is the first study that

evaluates the distribution of metformin in different re-

gions of brain, it is difficult to discuss such peculiari-

ties.

Regulation of the activity of AMPK constitutes the

best-known mechanism of metformin action [31]. Met-

formin influences AMPK activity in a tissue-specific

manner. Our results demonstrate that metformin after

oral dosing rapidly crosses the BBB (Tab. 1) and can

achieve concentrations sufficient to exert functional

effects in the CNS.

AMPK is a key regulator of the energy balance at

both the cellular and the whole-body levels [31]. At

the cellular level, AMPK is involved in the regulation

of metabolism through phosphorylation of acetyl-CoA

carboxylase, HMG-CoA reductase, hormone-sensitive

lipase, and glycogen synthase. AMPK is a serine/threo-

nine kinase composed of a catalytic � subunit and

regulatory � and � subunits, each of which is encoded

by two or three distinct genes [31]. All isoforms of

AMPK are expressed in neuronal tissues including ar-

eas that are involved in control of food intake and

neuroendocrine functions [14]. Recently, studies have

shown that AMPK plays an important role in nutritional

sensing and feeding behavior regulation through

stimulation of the HPAA at the pituitary level [12].

Furthermore, the cross-talk between AMPK and an-

orectic signals such as leptin, insulin, glucagon-like

peptide-1 (GLP-1), and CNTF was also described

[15].

In this study, after both acute and chronic admini-

stration, we found high concentrations of metformin

in the pituitary gland and hypothalamus of rats (Tab.

2). Recently, it has been shown that metformin inhib-

its low-glucose-induced AMPK phosphorylation in

the hypothalamus, thus modulating the expression of

the orexigenic peptide NPY [5]. Furthermore, after

both acute and chronic oral administration of met-

formin in Wistar rats treated with LPS, the concentra-

tions of the drug in the hypothalamus were signifi-

cantly greater than in untreated animals. Because dia-

betes mellitus and atherosclerosis evoke low grade

chronic inflammation, mimicked in our experimental

model by low doses of LPS administered via an ip

route, these results may explain the anorexigenic ef-

fect of metformin in patients affected by metabolic

disorders.

As mentioned in the Introduction, the results of re-

cent studies suggest that metformin may have thera-

peutic potential for treating neuroinflammatory dis-

eases, where reactive microglias play an etiological

role [6, 21]. However, the molecular mechanisms by

which metformin exerts its anti-inflammatory effects

remain largely unknown. In our last study performed

on primary microglial cell cultures, we showed that

metformin increases the phagocytosis of fluorescent

microspheres in the presence or absence of �-peptide

(1–40) in an AMPK-dependent manner [18]. Moreo-

ver, the drug acidified the lysosomal/endosomal com-

partments in the presence or absence of �-peptide

(1–40) in both resting and activated microglia also in

an AMPK-dependent manner [18]. These new find-

ings may point at new effects of metformin action in-

volving the increased ingestion and degradation of

�-amyloid peptides by lysosomes/endosomes in mi-

croglial cells as well as suggest that the drug may be

beneficial in proteinopathies affecting brain such as

AD. In this study we observed accumulation of met-

formin in brain regions affected by degeneration and

atrophy in patients with AD (Tab. 2). It is well known

that natural progression of AD firstly involves the hip-

pocampus and neocortex, but also other areas of the

limbic system, such as the olfactory bulbs, and ex-

tends progressively to cortical brain areas during the

course of AD [30]. The involvement of basal nuclei,

such as the hypothalamus or striatum, and the cerebel-

lum occurs later in the progression of this disease

[30].

Nath et al. [21] have observed that metformin at-

tenuates the induction of experimental autoimmune
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encephalomyelitis by restricting the infiltration of

mononuclear cells into the spinal cord, down-

regulating the expression of proinflammatory cytoki-

nes (IFN-�, TNF-�, IL-6, IL-17), and inducing NO syn-

thase, cell adhesion molecules, matrix metalloproteinase

9, and chemokine (RANTES). That study suggested that

metformin limits neuroinflammation by its intravascu-

lar action. Our findings showed that metformin read-

ily enters the CSF compartment, and its mean concen-

trations in CSF were always significantly higher than

those in brain regions and plasma (Tab. 2). In this

view, metformin uptake into CSF may be even more

important for its anti-inflammatory and protective ef-

fects.

In summary, the present study is the first to exam-

ine the brain’s region-specific differences in distribu-

tion of metformin in Wistar rats under normal and in-

flammatory conditions. The results from this study

may prove useful in identifying the mechanisms of

central action of metformin, which seems to be

a promising target for the future.
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