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Abstract
Depression is one of the most important and serious health problems in developing countries which affects millions of peo-
ple. It is associated with the decrease of the quality of life as well as suicides and mortality. The disease may show recurrent 
episodes in some patients. Obviously, not all the patients with depression could be treated properly, because some individu-
als are drug-resistant and the options for the therapy are limited. Therefore, it is crucial to investigate new molecules and 
pathways that may have possible antidepressant activity. Sirtuin (SIRT), known as a class III histone deacetylase, which is 
regulated by nicotinamide adenine dinucleotide (NAD +), is one of these molecules. In the current study, we investigated 
the possible antidepressant-like effect of SIRT2 inhibitor AK-7. For this purpose, behavioral tests were performed in chronic 
AK-7-treated mice, and the expression levels of BDNF, NGF, NTF3, CREB, NTRK2, ERK1, ERK2, and GAP43 genes were 
evaluated by qRT-PCR analysis in brain tissues. Protein levels for BDNF, CREB1, and NTRK2 were determined by western 
blot. Our data showed that AK-7 significantly decreased immobility time and showed antidepressant-like effect. In addi-
tion, AK-7 treatment significantly increased mRNA levels of CREB and NTRK2 and protein levels of CREB1, BDNF, and 
NTRK2. Finally, our results suggest that SIRT2 and AK-7 may have a potential role in the cellular mechanisms of depression.
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Introduction

Depression is one of the most important and serious psy-
chiatric disorders in developing countries which affects 
approximately 350 million people worldwide. It is associated 
with the decrease of the quality of life as well as suicides 
and mortality [1, 2]. Even though the common treatment for 
depression is to use selective serotonin reuptake inhibitors or 
serotonin-norepinephrine reuptake inhibitors, at least 30% 
of the patients with major depressive disorder do not benefit 
from current antidepressant treatment [3]. In addition, there 
are also difficult-to-treat cases called treatment-resistant 
depression or refractory depression [4]. Electroconvulsive 
therapy (ECT) and vagus nerve stimulation (VNS) are the 

other options used in the treatment of depression which may 
have serious adverse effects, including retrograde amnesia 
[5]. Therefore, it is necessary to investigate new molecules 
and pathways that may have possible antidepressant activity.

Sirtuins (SIRTs), known as class III histone deacetylases, 
which are regulated by nicotinamide adenine dinucleotide 
(NAD +), modulate cellular functions via deacetylation of 
various proteins [6]. They are responsible for miscellaneous 
biological processes such as aging, metabolism, cancer, tran-
scriptional silencing, chromosomal stability, cell differen-
tiation, stress response, inflammation, apoptosis, and DNA 
repair [7–9]. Unlike from all other SIRTs, SIRT1 and SIRT2 
are the most studied proteins which are mainly expressed in 
the brain tissues. While SIRT1 is expressed in the cerebel-
lum, hippocampus, and hypothalamus, the expression of 
SIRT2 has been found in the spinal cord, brain stem, cortex, 
frontal lobe, hippocampus, striatum, and cerebellum [10]. 
The expression profiles of SIRT1 and SIRT2 in different 
regions of the brain indicate that they have an important 
role in the central nervous system. Regulation of SIRT1/
SIRT2 activity with different molecules has been consid-
ered as a promising therapeutic approach for the treatment 
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of neurodegenerative diseases [11, 12], such as Alzheimer’s 
disease [13], Parkinson’s disease [14], and Huntington’s 
disease [15]. In addition, evidence showed that SIRT1 and 
SIRT2 modulation could be useful in the pathophysiology 
of mood disorders. However, most of the studies with SIRTs 
mainly focused on SIRT1 modulation, and the effective-
ness of SIRT2 modulators on depression is still unknown 
[16–19]. Thus, in the current study, we aimed to investigate 
the possible antidepressant-like effects of AK-7, a selective 
SIRT2 inhibitor, in mice.

Materials and Methods

Animals

Male Swiss albino mice weighing 20–25 g were obtained 
from the Animal Care Facility (SUDAM) at the University 
of Selcuk and were used for the experiments. Mice were 
housed 5 per cage in standard translucent plastic cages 
and kept in an environmentally controlled vivarium under 
a 12:12-h light–dark cycle. They were allowed food and 
water ad libitum. All experiments were carried out between 
09:00 and 16:00. Mice were allowed for a 60-min adapta-
tion period for the laboratory conditions before behavioral 
experiments to reduce possible stress. Animals were given 
a code to avoid bias, and also, each behavior was video-
recorded for further analysis. The scoring was performed 
by a blind evaluator.

Forced Swim Test

The forced swim test was performed similar to that described 
by Porsolt et al. [20] and Inan et al. [21]. Briefly, each mouse 
was gently lowered into a glass cylinder (height 17 cm, 
diameter 14 cm) containing 11 cm of freshwater maintained 
at 23–25 °C and left there for 6 min. A mouse was judged 
to be immobile when it floated in the water, in an upright 
position, and made only small movements to keep its head 
above the water. Since little immobility was observed during 
the first 2 min, the duration of immobility was recorded dur-
ing the last 4 min. A decrease in the duration of immobility 
was interpreted as indicating an antidepressant-like effect. 
In each test, fresh water was used.

Open Field Test

Spontaneous locomotor activity was investigated in the 
open field test as previously described by Inan et al. [22]. 
Briefly, the open field apparatus was a white square arena 
(40 cm × 40 cm × 15 cm) divided into 16 equal squares. Mice 
were gently placed individually into the open field facing 
one corner and allowed to explore the area for 5 min. The 

activity level was expressed as the total number of squares 
crossed.

Elevated Plus Maze

The elevated plus maze test was modified as previously 
described by Inan and Aksu [23]. Briefly, the maze was 
consisted of two open (10 cm × 50 cm) and two enclosed 
(10 cm × 50 cm × 50 cm) arms, and was elevated 50 cm 
above the floor. On the first day (acquisition trial), each 
mouse was gently placed on the end of an open arm fac-
ing the center of the plus maze and allowed to explore the 
apparatus for 3 min. After the acquisition trial, the mouse 
was taken from the maze and returned to its home cage until 
the next trial. Twenty four hours later, memory retention test 
was performed and the duration of entering to an enclosed 
arm was recorded (retention latency). Cutoff time for the 
retention session was set to 120 s for each mouse. A decrease 
in the retention latency was interpreted as indicating a mem-
ory enhancing effect.

Social Interaction Test

The social interaction test was modified as previ-
ously described by Venzala et  al. [24]. Briefly, each 
mouse was gently placed into a rectangle open field 
(70 cm × 50 cm × 15 cm) facing one corner and allowed to 
explore the area for 5 min. The social interaction latency 
was expressed as the total duration of approaches to a social 
target (an unfamiliar female mouse) which was in a plexi-
glass mesh cage and was placed into an opposite corner of 
the open field. An increase in the social interaction latency 
was interpreted as indicating an antidepressant-like behavior.

Grip Strength Test

The mouse grip strength test was modified as previously 
described by Maurissen et al. [25]. Briefly, the apparatus was 
consisted of a wooden T-bar (100 cm long × 1 cm wide and 
0.5 cm thick) elevated 25 cm above a foam bed. Each mouse 
was allowed to grasp the bar freely with its forepaws until 
the grip is broken. The test was performed 3 consecutive 
times, and the time between holding the bar and releasing it 
was recorded. An increase in the grip latency was interpreted 
as indicating an enhancement in the muscular strength.

RNA Extraction and qRT‑PCR Analysis

Immediately after all behavioral testing, mice were eutha-
nized with high dose of chloral hydrate (600 mg/kg) and 
their brain tissues were collected for further analysis. The 
expression levels of BDNF, NGF, NTF3 neurotrophic fac-
tors, CREB in CREB/BDNF signaling pathway, BDNF 
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receptor NTRK2, ERK1, and ERK2 genes, and GAP43 gene 
which are important for axonal growth and synaptic plastic-
ity were evaluated by qRT-PCR analysis. For this purpose, 
total RNA was isolated from the brain tissues and cDNA 
synthesis was performed according to the instructions of 
the manufacturer (iScriptTM cDNA synthesis kit, Bio-Rad, 
Cat. No. 1708891). Then, qRT-PCR analysis was performed 
with primers designed for each target gene region. Primers 
for target genes were designed using the IDT Primer Quest 
(https:// eu. idtdna. com/ Prime rquest/ Home/ Index) program. 
The primer sequences of target genes and beta-actin (ACTB) 
gene are presented in Table 1. qRT-PCR analysis was per-
formed by using qPCR mastermix (BrightGreen 2 × qPCR 
MasterMix—ROX, ABM, MasterMix-R) containing Bright-
Green dye. For this purpose, 5 µl of BrightGreen 2 × qPCR 
MasterMix, 5 pMol forward primer, 5 pMol reverse primer, 
and 2 µl cDNA were used and the total volume was made 
up to 10 µl with nuclease-free water. Then, PCR protocol 
consisting of enzyme activation (10 min at 95 °C), denatura-
tion (15 s at 95 °C), and bonding/extension (60 s at 60 °C) 
steps were applied in the real-time PCR system (Bio-Rad, 
CFX Connect) with 40 cycles. At the end of the reaction, 
threshold cycle values (Ct) were recorded and normalization 
was performed with the ACTB reference gene.

Western Blot Analysis

Protein isolation from brain tissues was performed by using 
RIPA solution (RIPA buffer (10 ×), Cell Signaling, Cat. No. 
9806). Protein concentration was determined by Bradford 
method using BSA standards. For this purpose, 30 µg of 
protein was loaded on 8–15% SDS-PAGE. After electropho-
resis, proteins were transferred to PVDF membrane (Pora-
blot PVDF, MN, Cat. No. 741260). After blocking of the 
membrane with 5% non-fat milk, the membrane was incu-
bated with anti-BDNF (Elabscience, Cat. No. E-AB-18244, 
1:1000), anti-CREB1 (Elabscience, Cat. No. E-AB-63474, 

1:1000), anti-NTRK2 (Elabscience, Cat. No. E-AB-70155, 
1:1000), and anti-ACTB (Bioss Antibodies, Cat. No. BS-
0061R, 1:1000) primary antibodies at 4 °C for overnight. 
After incubation period, the membrane was incubated with 
secondary antibody (Jackson Immuno Research, Cat. No. 
211–035-109) for 2 h. Afterwards, chemiluminescence solu-
tion (Biovision, Cat. No. K820-500) was added to the mem-
brane, and imaging was performed on the Azure Biosys-
tems™ c280. The density of each band was quantified with 
ImageJ software, and ACTB was used as an internal control.

Drugs

AK-7 was purchased from Tocris Bioscience (UK) and dis-
solved in DMSO (15 mg/mL), and the final volume was 
made up with saline solution. AK-7 was injected intraperi-
toneally at the doses of 5, 10, or 20 mg/kg for 21 days. The 
doses were chosen based on our preliminary studies and the 
literature [14, 15, 26, 27]. In order to reduce animal num-
bers for ethical concerns, we only tested forced swim test 
for the 5 and 10 mg/kg doses in 20 mice. Since we did not 
find any promising effects with these doses, we continued 
our study with the most effective dose (20 mg/kg). Control 
animals received vehicle solution. Behavioral studies were 
performed 30 min after the last AK-7 or vehicle injection.

Statistical Analysis

Results were presented as means ± SEM. Statistical analy-
ses were performed with GraphPad Prism software (Version 
6.0, San Diego, CA). The comparison between two separate 
groups was analyzed by using unpaired t test for behavioral 
experiments. Quantitation analysis of genes was performed 
with  2(−∆∆CT) method. qRT-PCR and Western blot data were 
evaluated by using unpaired t test. p < 0.05 was considered 
statistically significant.

Table 1  Primer sequences used 
in qRT-PCR analysis

Gene Forward primer (5′– > 3′) Reverse primer (5′– > 3′)

BDNF CTG AGC GTG TGT GAC AGT ATTA CTT TGG ATA CCG GGA CTT TCTC 
NGF CAG TGA GGT GCA TAG CGT AAT CTC CTT CTG GGA CAT TGC TATC 
NTF3 GGC AAC AGA GAC GCT ACA A TGC CCA CAT AAT CCT CCA TTAG 
CREB GCT CCC ACT GTA ACC TTA GTG GGA CTT GTG GAG ACT GGA TAAC 
NTRK2 GGG ACC TCA ACA AGT TCC TTAG GAC CAT ACC TGC TGC GAT TT
ERK1 TGC GAC CTT AAG ATC TGT GATT GCC ACA TAC TCC GTC AGA AA
ERK2 GTT GGT ACA GAG CTC CAG AAA GGA AGA TAG GCC TGT TGG ATAG 
GAP43 GGT GTC AAG CCG GAA GAT AA CTG GTG CAT CAC CCT TCT T
ACTB CAG CCT TCC TTC TTG GGT ATG GGC ATA GAG GTC TTT ACG GATG 
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Results

Forced Swim Test

Chronic administration of AK-7 for 21 days significantly 
decreased immobility time and showed antidepressant-like 
effect (Fig. 1, t = 16.9, df = 18, p < 0.0001). Mean latencies 
for control and AK-7 groups were found as 214.3 ± 3.8 s 
and 117.7 ± 4.3 s, respectively.

Open‑Field Test

AK-7 had no effect on spontaneous locomotor activity in 
the open-field test (Fig. 2, t = 0.084, df = 18, p = 0.934). 
This means AK-7 does not have neurotoxic properties 
at the dose of administration. Mean line crossings for 
control and AK-7 groups were found as 224.4 ± 2.7 and 
225.2 ± 9.1, respectively.

Elevated Plus Maze

Even though chronic administration of AK-7 slightly 
decreased retention latency which reflects long-term 
memory, we did not find significant differences between 
groups (Fig. 3, t = 0.708, df = 18, p = 0.488). Mean reten-
tion latencies for control and AK-7 groups were found as 
36.9 ± 4.8 s and 31.9 ± 5.2 s, respectively.

Social Interaction Test

As expected, AK-7 significantly increased social interaction 
latency which also reflects an antidepressant-like activity 
(Fig. 4, t = 12.6, df = 18, p < 0.0001). Mean latencies for 
control and AK-7 groups were found as 95.2 ± 5.2 s and 
179.3 ± 4.2 s, respectively.

Fig. 1  Effect of chronic AK-7 treatment on the duration of immo-
bility in the forced swim test. N = 10 for each group; *p < 0.0001, 
unpaired t test

Fig. 2  Effect of chronic AK-7 treatment on spontaneous locomo-
tor activity in the open field test. N = 10 for each group; p = 0.934, 
unpaired t test

Fig. 3  Effect of chronic AK-7 treatment on the retention time in the 
elevated plus maze test. N = 10 for each group; p = 0.488, unpaired t 
test

7039Molecular Neurobiology  (2022) 59:7036–7044

1 3



Grip Strength Test

Physical activity and muscular strength are important 
parameters that associate with depression. Therefore, 
the more enhancement in the muscular strength, the less 
depression-related symptoms. Chronic administration 
of AK-7 for 21 days significantly increased grip latency 
(Fig. 5, t = 12.0, df = 18, p < 0.0001). Mean latencies for 

control and AK-7 groups were found as 11.5 ± 0.2 s and 
21.5 ± 0.8 s, respectively.

Neuroplasticity‑Associated Genes and Proteins

The effect of chronic AK-7 treatment on the expression lev-
els of neuroplasticity-related genes at mRNA level was eval-
uated by qRT-PCR. Our data showed that AK-7 treatment 
significantly increased mRNA levels of CREB and NTRK2 
as 2.35-fold and 2.98-fold, respectively, when compared to 
control group. No significant differences were detected in the 
expression levels of BDNF, NGF, NTF3, ERK1, ERK2, and 
GAP43 genes (Fig. 6A: BDNF: unpaired t test, t = 0.2641, 
df = 10, p = 0.7971; NGF: unpaired t test, t = 0.3787, df = 10, 
p = 0.7129; NTF3: unpaired t test, t = 0.5611, df = 10, 
p = 0.5871; CREB: unpaired t test, t = 6.448, df = 10, 
p < 0.0001; NTRK2: unpaired t test, t = 5.164, df = 10, 
p = 0.0004; ERK1: unpaired t test, t = 0.09632, df = 10, 
p = 0.9252; ERK2: unpaired t test, t = 1.036, df = 10, 
p = 0.3245; GAP43: unpaired t test, t = 1.632, df = 10, 
p = 0.1338).

After qRT-PCR analysis, we thought that chronic 
administration of AK-7 may modulate the CREB1, BDNF, 
and NTRK2 pathway, and we evaluated levels of BDNF, 
CREB1, and NTRK2 proteins by western blot analysis. 
Our data showed that AK-7 significantly increased the lev-
els of BDNF, CREB1, and NTRK2 proteins compared to 
control group (Fig. 6B: BDNF: unpaired t test, t = 2.384, 
df = 10, p = 0.0384; CREB: unpaired t test, t = 3.930, df = 10, 
p = 0.0028; NTRK2: unpaired t test, t = 2.354, df = 10, 
p = 0.0404).

Discussion

Depression is one of the most common and serious neu-
ropsychiatric disorders in developing countries which 
affects millions of people. It is associated with the 
decrease of the quality of life as well as high suicide and 
mortality rates. Nevertheless, its pathophysiology and lim-
ited effectiveness of the treatment methods are still unclear 
[2], since the disease may show recurrent episodes in some 
patients. The accepted routine therapy for depression is the 
use of serotonin and/or norepinephrine re-uptake inhibi-
tors which are based on the monoamine hypothesis and 
aim to increase monoamine concentrations in the synapses 
[28]. However, long-term use of these drugs is required 
for a better healing, and yet only one-third of the patients 
completely resolve the symptoms [29]. Therefore, it is 
crucial to investigate new molecules and signaling path-
ways associated with depression which may contribute to 
the elucidation of pathogenesis as well as development of 
new therapeutic targets. In the present study, we aimed to 

Fig. 4  Effect of chronic AK-7 treatment on the duration of social 
interaction in the social interaction test. N = 10 for each group; 
*p < 0.0001, unpaired t test

Fig. 5  Effect of chronic AK-7 treatment on the grip latency in the 
grip strength test. N = 10 for each group; *p < 0.0001, unpaired t test
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investigate the possible relationship of SIRT2, an alpha 
NAD + -dependent deacetylase, with depression. For this 
purpose, we examined antidepressant-like effects of AK-7, 
a SIRT2 inhibitor, in mice.

In various studies with neurodegenerative disease models, 
it has been reported that AK-7, a sulfobenzoic acid deriva-
tive, may inhibit neurodegenerative processes and exert 
neuroprotective effects. The inhibition of SIRT2 pathway 
with AK-7 improved cognitive performance and modulate 
molecular mechanisms associated with Alzheimer’s disease 
[13]. In addition, it has been demonstrated that AK-7 shows 
neuroprotective effects by attenuating alpha synuclein tox-
icity and reducing dopaminergic neuron loss in a Parkin-
son’s disease model [14]. Similarly, evidence displayed that 
AK-7 improved motor functions, prolonged survival, and 
reduced brain atrophy in a mouse model of Huntington’s 
disease [15]. However, there is limited information about 
the possible cellular and/or molecular mechanisms of SIRT2 
inhibitors in depression. Recently, it has been shown that 
33i, another SIRT2 inhibitor, causes an antidepressant-
like effect by modulating glutamate and serotonin systems 
in mice [18]. Moreover, it has also been reported that co-
treatment of 33i with MC1568 increases synaptic plasticity 
in the prefrontal cortex [30]. In addition, sirtinol, a SIRT1 

and SIRT2 inhibitor, has been found to reduce anhedonic 
behavior in rats [16].

In the present study, we examined the possible antide-
pressant-like effects of AK-7 and its underlying molecu-
lar mechanisms in mice. As it is well known, 4 to 6 weeks 
are required for clinical improvement for the antidepres-
sant therapy [31]. Therefore, we administered AK-7 for 
21 days. According to our results, AK-7 treatment signifi-
cantly reduced immobility time in the forced swim test and 
increased the duration of social interaction and grip latency. 
However, it did not change spontaneous locomotor activity 
in the open-field test and retention latency in the elevated 
plus maze. Moreover, we did not find any significant differ-
ences between groups in acute AK-7 experiments (unpub-
lished preliminary data).

There are various pathophysiological mechanisms 
thought to be effective in depression, and different com-
binations of these mechanisms can be found in patients 
[32]. Decrement in the neurotrophic factors and the level 
of neuroplasticity are one of the significant mechanisms of 
depression [33]. As it is well identified, the adaptation of 
neurons and neural elements to internal and external sig-
nals is defined as neuroplasticity [34]. Furthermore, post-
mortem investigations claimed that depression may inhibit 

Fig. 6  Effect of chronic AK-7 treatment on neuroplasticity-associ-
ated genes and proteins. (A) The expression levels of BDNF, NGF, 
NTF3, CREB, NTRK2, ERK1, ERK2, and GAP43 genes were evalu-

ated by qRT-PCR analysis. (B) BDNF, CREB-1, and NTRK2 protein 
levels were evaluated by western blot analysis. N = 6 for each group; 
*p < 0.05, unpaired t test
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neuroplasticity in the hippocampus and prefrontal cortex 
and reduce the concentrations of various neurotrophic fac-
tors such as brain-derived neurotrophic factor (BDNF). 
On the contrary, antidepressant treatment has been found 
to increase the concentrations of neurotrophic factors and 
neuroplasticity in the hippocampus and prefrontal cortex 
[35]. Various growth factors such as BDNF are known to 
be effective in neuroplasticity [36]. Besides, a decrease 
in the expression of nerve growth factors may also cause 
a decrease in the volume of hippocampus and prefrontal 
cortex [37]. The expression of BDNF, one of the most 
important neurotrophic factors associated with depression, 
is regulated by cAMP-response element binding protein 
(CREB). Post-mortem studies with major depression 
patients who committed suicide have shown that CREB 
levels decrease in the hippocampus [38].

Other members of the neurotrophic factor family, such 
as nerve growth factor (NGF) and neurotrophin-3 (NT-3), 
act through tyrosine kinase receptors. One of the best char-
acterized neurotrophin-activated signaling pathways is the 
mitogen-activated protein (MAP) kinase cascade involving 
extracellular signal-regulated protein kinase (ERK) [39]. 
Evidence showed that patients with depression who com-
mitted suicide have low ERK activity in their hippocampus 
and prefrontal cortex [40]. The MAPK/ERK pathway also 
modulates the level of growth-associated protein 43 (GAP-
43), a presynaptic protein expressed in the hippocampus and 
association cortex [41, 42]. GAP-43 plays a role in the regu-
lation of axonal growth, synaptic plasticity, and learning and 
memory functions, and it is thought that this protein may be 
associated with long-term depression [43].

In the present study, we also evaluated the effects of 
AK-7 at the molecular level through the BDNF, NGF, NTF3, 
CREB, NTRK2, ERK1, ERK2, and GAP43 genes associated 
with both neuroplasticity and neurotrophic factors. Accord-
ing to our qRT-PCR results, chronic AK-7 treatment led to 
a significant increase in gene expression levels of CREB and 
NTRK2 which encodes the BDNF receptor. Based on these 
results, we investigated the effects of AK-7 treatment on 
BDNF, CREB, and NTRK2 protein levels by western blot. 
As expected, chronic AK-7 treatment significantly increased 
BDNF, CREB, and NTRK2 protein levels. As for the qRT-
PCR and western blot results for acute experiments, we did 
not find any differences between groups (unpublished pre-
liminary data).

One of the long-term effects of antidepressant therapy is 
the induction of various transcription factors such as CREB 
[44]. Increased CREB levels [45] and NTK2 expression [46, 
47] are associated with antidepressant-like activity. Like-
wise, in the present study, our results indicated that chronic 
AK-7 treatment increased the BDNF, CREB, and NTRK2 
levels which might contribute to an antidepressant-like 
effect.

Taken together, our results suggest that AK-7 and SIRT2 
pathway in the brain may be involved in depression and that 
AK-7 could be a potentially novel antidepressant agent. The 
possible mechanisms for the antidepressant activity seem 
to be associated with the upregulation of CREB1, BDNF, 
and NTRK2. However, further studies are needed to under-
stand the mechanistic effects of AK-7 in the central nervous 
system.
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