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Objective(s): Metformin (Met), an antidiabetic biguanide, reduces hyperglycemia via improving glucose
utilization and reducing the gluconeogenesis. Met has been shown to exert neuroprotective,
antioxidant and anti-inflammatory properties. The present study investigated the possible effect of
Met on the D-galactose (D-gal)-induced aging in mice.

Materials and Methods: Met (1 and 10 mg/kg/p.o.), was administrated daily in D-gal-received (500
mg/kg/p.o.) mice model of aging for six weeks. Anxiety-like behavior, cognitive function, and physical
power were evaluated by the elevated plus-maze, novel object recognition task (NORT), and forced
swimming capacity test, respectively. The brains were analyzed for the level of superoxide dismutase
(SOD) and brain-derived neurotrophic factor (BDNF).

Results: Met decreased the anxiety-like behavior in D-gal-treated mice. Also, Met treated mice showed
significantly improved learning and memory ability in NORT compared to the D-gal-treated mice.
Furthermore, Met increased the physical power as well as the activity of SOD and BDNF level in D-gal-
treated mice.

Conclusion: Our results suggest that the use of Met can be an effective strategy for prevention and
treatment of D-gal-induced aging in animal models. This effect seems to be mediated by attenuation of

oxidative stress and enhancement of the neurotrophic factors.
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It is expected that by the year 2025, the elderly
(over 65 years) population exceeds 800 million. The
increasing number of the elderly will be associated
with an increase in disability and illness (1).
Therefore, studying the pathophysiology of aging and
related diseases is a significant challenge for medical
gerontology (2). Aging is a progressive multifactorial
phenomenon exclusively leading to loss of cellular,
molecular, and physiological functionality (1).
Cognitive decline, anxiety, and sarcopenia are the
main pathological conditions of aging (3). It is well
established that overproduction of free radicals such
as reactive oxygen species (ROS) leads to oxidative
stress which results in senescence and aging-related
disorders (4). Moreover, the brain neurons are more
susceptible to oxidative stress due to the presence of
high lipid content and higher oxygen consumption
(2). The level and the activity of various antioxidant
enzymes such as superoxide dismutase (SOD) are
decreased during senescence (5). On the other hand,
the level of the brain-derived neurotrophic factor
(BDNF), which is an important mediator for neuronal
proliferation and integrity, decreases by aging (6).

D-galactose (D-gal)-induced aging is an established
model for pharmacological studies of age-dependent
alterations. This model was reported by Xu in 1985,
who found remarkable signs of aging in ICR (Institute of
Cancer Research) mice after administration of D-gal for
8 weeks. At high levels, D-gal causes oxidative stress via
the accumulation of ROS, stimulates free radical
production and attenuates antioxidant enzyme
activities (7). Oxidative damage and inflammation both
play critical roles in mediating the age-related
alterations in different organs such as the brain, muscle,
and kidney (8).

Biguanides drugs such as metformin (Met) are
antidiabetic drugs that reduce hyperglycemia via
improving glucose utilization and reducing the
gluconeogenesis. The most accepted mechanism of the
glucose-lowering effect of Met is the activation of
adenosine monophosphate (AMP)-activated protein
kinase (a cellular energy sensor activated under
metabolic stress) (9). In addition to this well-established
property, Met exerts a variety of pleiotropic effects such
as anti-inflammatory, antioxidant, and neuroprotective,
which may extend its clinical indications (10). Met
readily crosses the blood-brain barrier and is distributed
within various regions of the brain.
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The neuroprotective effect of Met has been
demonstrated in different neurological disorders such
as Alzheimer’s disease, Parkinson’s disease, Huntington's
disease (11), and seizures (12).

It has been shown that Met slows down aging and
prolongs lifespan in naturally aged rats and mice (13,
14). In this study, we investigated the effect of
antidiabetic biguanide Met on some aging-related
changes such as anxiety, memory impairment, and
decline in physical power and levels of some molecular
parameters (BDNF and brain SOD) by using the D-gal-
induced aging model in mice.

Animals

The experiments were performed on 50 male mice
weighing 22-27 g. The animals were kept under
standard laboratory conditions with food and water ad
libitum and housed 10 per cage on a reversed 12 hr
light: 12 hr dark cycle (lights on 08:00-20:00 hr). All
efforts were made to minimize the number of animals
used and their suffering. Behavioural tests and animal
care were conducted in accordance with the standard
ethical guidelines (NIH, publication no. 85-23, revised
1985; European Communities Directive 86/609/EEC)
and approved by the Local Ethical Committee.

Drugs

Met (Glucophage™) was purchased from Merck
Pharmaceuticals (France, Sante). D-gal was purchased
from Sigma Aldrich (Germany). D-gal was dissolved in a
measured quantity of mice drinking water. D-gal was
given at the dose of 500 mg/kg in 10 ml drinking
water for 6 weeks (7). Met was dissolved in standard
drinking water and daily doses were given based on
daily body weight measurements. The solution was
freshly dissolved and administered orally in a
volume of 10 ml/kg (15).

Experimental procedures and treatment

After 2 weeks of acclimatization, the mice (n=50)
were randomly divided into five groups as follows:
Control group served as healthy normal animals
without any intervention; D-gal group received D-gal
at the dose of 500 mg/kg for 6 weeks; Met 1+D-gal
group received D-gal at the dose of 500 mg/kg plus
Met 1 mg/kg/day orally for 6 weeks; Met 10+D-gal
group received D-gal at the dose of 500 mg/kg plus
Met 10 mg/kg/day orally for 6 weeks; Met 1 group
received Met 1 mg/kg/day orally for 6 weeks. 24 hr
after the last administration, the behavioral tests
were done and all experiments were carried out at
the same time of the day.

Anxiety-like behavior test

The elevated plus-maze (EPM) test is a standard
method to assess the anxiety-like behaviors in
rodents (16). The EPM apparatus was made of wood
and consisted of two open and two closed arms with

the same size (50 x 10 cm). The two closed arms
were enclosed by 40 cm high walls. The four arms
were linked by a central square platform (10 x 10
cm). The maze was elevated 50 cm above the floor.
The mice were placed in the central square platform
with its head facing an open arm for 5 min. The
percent of time spent in the open arms [OAT% (the
ratio of time spent in the open arms to total time
spent in any arm x 100)] was used as a measure of
anxiety. The percent of entries into the open arms
was calculated as [OAE% (the ratio of entries into
open arms to the total entries x 100)]. The number of
total arm entries was used as a measure of
spontaneous locomotor activity. Entry was defined
as all four paws in the arm. The experiments were
done in a testing room lit by a 60 W light bulb placed
above the center of the EPM.

The novel object recognition task

Preference for novelty is an important
component of working memory (17). The novel
object recognition task (NORT) is one of the most
widely used methods to assess this behavior (18).
The test was carried out in a 50 x 50 x 50 cm
Plexiglas white box. The day before the test, mice
were placed in the chamber to get familiar with the
environment for 5 min. During the training phases,
two identical objects were placed in the chamber and
the mouse was allowed to explore the objects freely for
5 min. Exploration was considered when the head of
the mouse was oriented toward the objects with its
nose within 2 cm of the object. The test phase was
carried out 4 hr later. A novel object was replaced by a
familiar object. The times spent with the two objects
(novel and familiar) were recorded. Results were
expressed as discrimination ratio (19). At the end of each
session, the mouse was removed from the chamber and
the experimental chamber was thoroughly cleaned with
50% ethanol and dried.

The forced swimming capacity test

The forced swimming capacity test is a method for
the assessment of animals’ physical power and
endurance. Briefly, the mice were dropped individually
into a columnar swimming pool (45 cm tall and 20 cm
in radius) filled with fresh water to a depth of 35 cm so
that mice could not support themselves by touching the
bottom with their tails. The temperature of the water
was maintained at 341 °C. A weight (steel ring)
equivalent to 5% of body weight was attached to the
tail root of each mouse. The animal exhaustion time
was recorded when they failed to rise to the surface of
the water to breathe within 7 sec (20). The behavioral
tests were done in the order of EPM, NORT, and forced
swimming capacity test.

Evaluation of BDNF and SOD levels

24 hr after the last behavioral test, mice were
sacrificed by decapitation and the brains were
immediately removed under aseptic conditions.
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Table 1. The effect of metformin (1 and 10 mg/kg for 6 weeks) on anxiety-like behaviors and locomotor activity of D-galactose-induced aging mice

Groups
Control Met 1 D-gal Met 1+D-gal Met 10+D-gal
Open arm time (%) 28.33+2.87 57.39+2.11%# 15.02+3.53" 55.28+3.49™ 52.334£3.43™
Open arm entries (%) 30.65+2.47 54.19+1.82%# 17.83+3.81" 47.37+3.31™ 49.53+2.09™
Total arm entries (n) 25.29+1.86 25.57+1.13 21.00£2.42 23.00+0.53 23.57+1.39

Values are expressed as mean+SEM (n=10 in each group); # P<0.05 and ### P<0.001 compared to the control group; ***P<0.001

compared to the D-gal group

Brains were homogenized (1:10 w/v) in sterile
phosphate-buffered saline (PBS) (15). The tissue homo-
genates were centrifuged (Eppendorf, Germany) at
5000 x rpm, 4 °C for 20 min and the supernatants were
obtained and stored at -80 °C for measurements of
the biochemical analyses. BDNF and SOD levels were
measured with the enzyme-linked immunosorbent
assay (ELISA) kits (Zellbio, Germany). The samples
were put in the BDNF and SOD kit wells. In the next
step, the BDNF and SOD streptavidin-HRP conjugated
antibodies were added to each kit plate and they were
incubated for 45 min on the shaker at the room
temperature. After incubation, free antibodies or
antigens were washed by using a washer buffer (PBS,
pH=7.4). Then according to the SOD and BDNF kit
protocols, sufficient amount of a chromogenic substance
(3,3',5,5"-tetramethylbenzidine (TMB)) was added to
each well and the incubation was done again in a 15 min
time interval (37 °C). Then, the stop solution (sulfuric
acid 2 N) was used for stopping the enzyme-substrate
reaction. At the end, the light absorption of yielded
yellow color was immediately read by the ELISA reader
device (RT-2100C, Rayto, China) at the wavelength of
450 nm for each BDNF and SOD ELISA kits. Results were
expressed as % changes compared to the control group.

Statistical analysis

Statistical analysis was performed via GraphPad
Prism version 6.01 for Windows (GraphPad
Software, USA). Data are expressed as mean+SEM
and the differences between the groups were tested
with the analysis of variance (one-way ANOVA)
followed by Tukey’s post hoc test. Repeated
measurement ANOVA (RMA) followed by Tukey’s
post hoc test were used for comparison of weight
changes in groups. A P<0.05 was considered as a
statistically significant difference.

The effect of Met on body weight

As shown in Figure 1, at the beginning of the
experiment, we did not find any difference in mean body
weight of different groups. Results from RMA showed a
significant difference between groups (P<0.001). Tukey’s
post hoc analysis showed that administration of D-gal
decreases the body weight compared to the control
group (P<0.001). Met at the doses of 0.1 and 1 mg/kg
improved body weight of D-gal-treated mice (all
P<0.001). In addition, administration of Met (1 mg/kg) in
normal mice for 6 weeks did not change the body weight
compared to the control mice.
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Figure 1. The effect of metformin (1 and 10 mg/kg for 6 weeks) on the
body weight of D-galactose-induced aging mice. Values are expressed
as mean+SEM (n=10 in each group). ### P<0.001 compared to the
control group. *** P<0.001 compared to the D-gal group

The effect of Met on anxiety-like behaviors

The results of the EPM are shown in Table 1. These
results showed that D-gal decreases %0AT and %0AE
compared to the control group (all P<0.05) and Met at
the doses of 1 and 10 mg/kg increases %O0AT and
%OAE in aging mice (all P<0.001) compared to the D-
gal group. Administration of Met alone in healthy mice
for 6 weeks increases %0AT and %OAE (all P<0.001)
compared to the control group (Table 1). Statistical
analysis revealed that the locomotor activity of
different groups does not change significantly (Table 1).

The effect of Met on novel object recognition task
The D-gal group mice showed impaired working
memory and preference for novelty on the NORT
(P<0.05). Met at the doses of 10 mg/kg prevented the
D-gal-induced deficiency of working memory and
preference for novelty, as evidenced by higher
discrimination ratio in Met 10+D-gal mice compared to
the D-gal model (P<0.01). Administration of Met alone to
the healthy mice for 6 weeks did not change the
preference for novelty in normal mice (Figure 2).

Discrimination ratio (%)
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Figure 2. The effect of metformin (1 and 10 mg/kg for 6 weeks)
on working memory and preference for novelty of D-galactose-
induced aging mice. Values are expressed as mean+SEM (n=10 in
each group). # P<0.05 compared to the control group. **P<0.01
compared to the D-gal group
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Table 2. The effect of metformin (1 and 10 mg/kg for 6 weeks) on swimming time to exhaustion of D-galactose-induced aging mice

Groups
Control Met 1 D-gal Met 1+D-gal Met 10+D-gal
Exhaustive swimming time 60.50+4.72 123.3+£3.94% 26.70+10.13*  88.10+5.80*" 108.7+8.35%

(min)

Values are expressed as mean+SEM (n=10 in each group); # P<0.05 and ### P<0.001 compared to the control group; ***P<0.001

compared to the D-gal group
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Figure 3. (A) The effect of metformin (1 and 10 mg/kg for 6
weeks) on BDNF and (B) brain SOD levels of D-galactose-induced
aging mice. Values are expressed as mean+SEM (n=10 in each
group). # P<0.05 compared to the control group. * P<0.05 and **
P<0.01 compared to the D-gal group

The effect of Met on exhaustion swimming time

The exhaustion swimming time of mice treated
with D-gal showed a significant decrease compared to
the control group (P<0.05) (Table 2). The aging mice
treated with Met at the doses of 1 and 10 mg/kg
exhibited an increased exhaustion swimming time
compared to the D-gal group (all P<0.001). Moreover,
treatment of aging mice with 10 mg/kg Met increased
the exhaustion swimming time significantly compared
to the control group (P<0.001). Administration of Met
alone in the normal mice for 6 weeks increased
exhaustion swimming time compared to the control
group (P<0.001) (Table 2).

The effect of Met on BDNF and brain SOD levels

As shown in Figure 3A, the BDNF level was
significantly decreased in D-gal group compared to
the control group (P<0.01). In contrast, Met at the
doses of 10 mg/kg increased the BDNF level in D-gal
treated mice (P<0.05).

Our results demonstrated that the level of SOD in
the brain of D-gal treated mice was significantly
lower than that of the controls (P<0.05) (Figure 3B).
Met administration at the doses of 1 and 10 mg/kg
restored D-gal and induced a decrease in SOD level
(P<0.05 and P<0.01, respectively).

Administration of Met alone (1 mg/kg) in normal
mice for 6 weeks did not change the BDNF and brain
SOD levels.

It has been shown that long-term treatment with
the antidiabetic biguanide Met significantly delays
age-related pathological complications and extends
lifespan in mammals (13, 14). Most studies on Met
effects and aging have been performed in naturally
aging animals. Therefore, we conducted an aging
model with D-gal which is a well-established model
for anti-aging pharmacological therapy (15). One of
the main advantages of the D-gal aging model is that
we can study only the aging development whereas in
the natural aging model the comorbidities such as
diabetes, hypertension, and malignancies are of
confounding variables. The results of our study
demonstrated that administration of D-gal (500 mg/kg
per 10 ml drinking water for 6 weeks) causes severe
aging-related changes including decrease in body
weight, working memory, physical power, BDNF level,
and SOD level and increase in expression of anxiety-like
behaviors. Administration of Met, mostly at the dose of
10 mg/kg, could reverse these deteriorating effects in
D-gal senescence model.

During aging, cognitive functions such as memory
are adversely affected, which might be, at least
partially, due to the occurrence of neuronal loss in
specific brain regions. (21). In addition, previous
studies showed that chronic administration of D-gal
impairs learning and memory in rodents (22).
Consistent with these studies, the results of our
study showed that chronic administration of D-gal
impairs the novelty-induced exploratory behaviors or
working memory in mice. We also observed that Met
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(10 mg/kg) improves working memory and preference
for novelty in aging mice. The reported findings about
Met and cognitive function are controversial. Several
lines of studies have reported that Met improves
learning and memory. For example, one study (23)
showed that Met attenuated cognitive impairment in
Morris water maze after ischemia/reperfusion-induced
brain damage in rats via survival of hippocampal CA1
pyramidal neurons. Another study (24) found that Met
decreases neuro-inflammation and loss of neurons in
the hippocampus of diabetic animals, which can
subsequently improve the spatial memory scores of
diabetic animals. Moreover, Ashabi et al. (25) declared
that Met has a protective role against memory
impairment in cerebral ischemia. Conversely,
Thangthaeng et al. (26) examined the effect of chronic
oral Met treatment on motor and cognitive function in
young, middle-aged, or old male mice. They
confirmed that Met treatment has a deleterious
effect on spatial memory and reduces SOD activity in
various brain regions. The mentioned discrepancies
in reported findings may result from the difference
in doses of Met (200-300 mg/kg vs. 1-10 mg/kg) as
well as different aging models (natural vs. D-gal)
used by the two studies. Met may decrease the
cognitive impairments and improve object
recognition perfor-mance in mice through the
neuroprotective effects.

We found that level of BDNF is decreased in D-gal
treated mice in comparison with control animals. Our
results also indicated that Met (10 mg/kg) increases the
BDNF level in aging mice, which is consistent with its
improvement in cognitive function. BDNF is an
important neurotrophin factor and it has been
demonstrated that reduction of BDNF leads to neuronal
atrophy and death (27). Also, BDNF has a critical role in
the regulation of neurocognitive functions like
learning, memory, synaptic transmission, and plasticity
(28). Previous studies showed that level and expression
of BDNF decreases in both accelerated and natural
aging (6). On the other hand, various studies have
consistently demonstrated that Met elevates the BDNF
level. Researchers (29) reported that Met pre-
treatment for 2 weeks increases the BDNF level and
improves neurological scores following global cerebral
ischemia in rats. Another study (30) investigated the
effects of antioxidant and anti-senescence effects of Met
on mouse olfactory ensheathing cells. They found that
Met induces these effects via decreasing the level of
reactive oxygen species and increasing mRNA
expression of BDNF. Therefore, it is possible that the
restorative effects of Met are mediated by increasing
the BDNF level.

ROS production increases with age and this may
lead to age-related degenerative processes via
oxidative damage to DNA, lipids, and proteins (2). On
the other hand, it has been reported that antioxidant
enzymes such as SOD are decreased following the
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induction of senescence by D-gal (22). In our study,
the SOD activity was measured in the brains of
animals and we observed that D-gal decreases the
level of brain SOD in mice. We also found that Met (1
and 10 mg/kg) significantly increases the level of
brain SOD compared to D-gal treated mice. Many
studies have indicated that Met has a potent
antioxidant activity. One study (31) showed that Met
prevents renal stone formation through an
antioxidant mechanism. It found that Met enhances
the activity of SOD and decreases MDA levels both in
vivo and in vitro. Another study (32) showed that
administration of Met significantly restores the GSH
content, increases SOD activity and decreases MDA
level in rats with non-alcoholic fatty liver. Moreover,
Mansour et al (33) investigated the modulatory
effect of Met on cisplatin-induced hepatotoxicity in
rats. They demonstrated that Met decreases lipid
peroxidases while increasing SOD activity and
glutathione content. Furthermore, it was shown (34)
that Met mitigates the decrease in the antioxidant
enzyme activities such as SOD in various brain
regions in a rat model of type-2 diabetes mellitus
undergone chronic stress. Therefore, this indicates
that the anti-aging effect of Met might be possibly
mediated by its antioxidative defense.

Around 15%-28% of the elderly show anxiety
disorders which are associated with reduced life
satisfaction and functional impairment (35). Chronic
administration of D-gal increased anxiety-like
behavior in animals which could mainly result in
overproduction of ROS (36). In addition, previous
studies have shown that administration of
antioxidants such as resveratrol and ascorbic acid
can attenuate the anxiety-like behavior in humans
and animals (37). In line with these studies, the
results of our study showed that anxiety-like
behavior increases in D-gal group. We also found
that Met, at the doses of 1 and 10 mg/kg, decreases
this behavior in aged animals. The anxiolytic effect of
Met was demonstrated in several = studies.
Met ameliorates anxiety-like behaviors in a rat model of
ischemia/reperfusion-induced brain damage via exerting
the antiapoptotic effects (23). In another study, Met
exhibited anti-stress and anxiolytic-like activity in type-2
diabetes mellitus rat models undergone repeated stress
via increased antioxidant defense such as SOD and
catalase (34).It was shown (38) that Met improves
anxiety-like behaviors following global cerebral ischemia
via regulation of autophagy. For the first time, we
showed that Met (10 mg/kg for 6 weeks) attenuates the
anxiety-like behaviors in healthy mice. Accordingly, it
seems that treatment with Met decreases anxiety-like
behaviors in aging mice via antioxidative and
neuroprotective effects.

Sarcopenia (a progressive loss of muscle mass
and strength) is a typical characteristic of the elderly
that lowers the quality of life and increases disability
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(39). The mitochondrial dysfunction and over-
production of ROS have a critical role in the onset and
progression of sarcopenia (40). Previous reports have
indicated that D-gal model induces aging in the skeletal
muscles like other organs and mitochondrial
dysfunction is associated with poor skeletal muscle
strength induced by D-gal (8, 39). Consistent with these
studies, we observed that D-gal reduces the physical
power in forced swimming capacity test compared to
the control group. Our results also showed that the
treatment of aged mice with Met improves the physical
power even more than normal level. Interestingly, we
demonstrated for the first time that Met increases the
physical power in normal mice which has not been
previously reported. The protective effects of Met
on mitochondrial dysfunction has been well
characterized. Met improves the cardiac function after
myocardial infarction in mice via mitigating the damage
to mitochondrial membrane and  improving the
respiratory function of mitochondria (41). A study (42)
found that Met can efficiently counteract with alterations
of mitochondrial dynamics in Down syndrome mouse
models through enhancing oxygen consumption, ATP
production, and overall mitochondrial activity.
Accordingly, Met might attenuate the sarcopenia and
increase the skeletal muscle strength through the
enhancement of mitochondrial function.

The results of this study demonstrated that Met
improves aging-related disorders such as cognitive
impairment, anxiety, and sarcopenia. Taken together,
the protective mechanism/s underlying Met effects
on D-gal-induced aging might be mediated by
increasing the activity of SOD and the level of BDNF.
However, further studies are required to unveil the
precise underlying mechanisms.
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grant from Research Deputy of Rafsanjan University of
Medical Sciences, Rafsanjan, Iran (grant no. 20/295).
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