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Effects of tianeptine on mTORC1-
mediated neuronal autophagy in
primary rat hippocampal neurons
under nutrient deprivation

Mi Kyoung Seo?2, Hyewon Kim3, Ah Jeong Choi?, Dae-Hyun Seog?“°, Weon-Gyu Kho®:,
Sung Woo Park?*“ & Jung Goo Lee%3**

The aim of this study was to investigate the effects of the antidepressant tianeptine on the mechanistic
target of rapamycin complex 1(mTORC1)-mediated autophagy pathway in primary hippocampal
neurons exposed to B27-deprived conditions. When primary hippocampal neurons were treated with
tianeptine at doses of 1, 10, 50, and 100 pM for 3 days under B27-deprived conditions, we observed
that it activated autophagy and increased the formation of autophagosomes through the upregulation
of autophagic proteins, including autophagy-activating kinase 1 (ULK1), Beclin 1, LC3B-1l/I, and p62.
And at a concentration of 100 pM tianeptine, the decrease in mTORC1 phosphorylation induced by
B27 deprivation was significantly reversed. Changes in the expression of autophagic proteins induced
by B27 deprivation were reversed by tianeptine treatment in a concentration-dependent manner, and
tianeptine significantly reduced the increase in LC3B membrane number induced by B27 deprivation,
an effect that was blocked by pretreatment with rapamycin. In conclusion, tianeptine attenuated the
activity of mTORC1-mediated autophagy in primary rat hippocampal neurons under B27-deprived
conditions. These results may suggest a novel mechanism by which tianeptine may affect autophagy in
neurons.
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Depression is a mental illness characterized by symptoms such as low mood, loss of interest, and decreased
activity!. Depression is known to be chronic and not respond well to treatment. According to the World Health
Organization, approximately 280 million people worldwide currently suffer from depression, and more than
700,000 people die by suicide each year?. While a variety of treatments for depression exist, pharmacotherapy
with antidepressants, including selective serotonin reuptake inhibitors (SSRIs), is commonly and widely
used?>. Despite their widespread use, the exact mechanism of action of antidepressants remains unclear. The
monoamine hypothesis posits that SSRIs work by inhibiting the reuptake of monoamine neurotransmitters,
including serotonin, dopamine, and noradrenaline®°. However, pharmacotherapy with these antidepressants
has significant drawbacks: approximately 50-60% of patients do not respond adequately to initial treatment, and
it can take weeks to months for treatment effects to appear and it can take weeks to months to observe treatment
effects”®. This delayed treatment response is not fully explained by the monoamine hypothesis, which means
that our understanding of the pathophysiology of depression is still incomplete.

Therefore, recent research has focused on changes in signaling and neuroplasticity after neurotransmitters
bind to neuronal receptors’. In particular, recent studies have focused on changes in neuroplasticity caused
by activation of the mechanistic target of rapamycin complex 1 (mMTORC1) and its antidepressant effects'.
mTORCI1 is a protein complex that is important in cell signaling and regulation and is involved in cell growth,
proliferation, metabolism, and autophagy'""!2. The activity of mTORCI is regulated by a variety of signals,
including growth factors, nutrient availability, cellular energy levels, and stress signals!*~!°>. When conditions
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are favorable, mnTORCI1 phosphorylates its key targets to promote cell growth and protein synthesis, resulting in
increased protein synthesis and cell proliferation!®!”.

In particular, ketamine, an NMDA antagonist, has been shown in clinical studies to have antidepressant
effects, which are thought to be due to changes in neuroplasticity caused by increased synaptogenesis through
mTORCI activation!®!®, Preclinical studies have also shown that ketamine reduces depressive behavior and
increases mTORCI signaling and synaptogenesis in animal models of depression?*2..

In addition to its role in neuroplasticity, mTORCI signaling plays an important role in autophagy, a cellular
process that maintains cellular health by breaking down and recycling damaged proteins and organelles??-24.
Furthermore, the autophagy and mTORC1 pathways have been found to be interconnected, acting as a regulatory
network that influences a variety of cellular processes, including cell growth, metabolism, and autophagy
itself?>-24. Notably, dysregulation of autophagy may contribute to the pathogenesis of neurodegenerative
diseases?>. mTORCI serves as a central regulator of cell growth and metabolism in response to nutrient
availability and growth factor signaling'2. When nutrients and growth factors are abundant, mTORCI is active,
promoting cell growth and protein synthesis while inhibiting autophagy?®®. This inhibition occurs through the
phosphorylation of key autophagy regulators such as ULK1 (Unc-51-like autophagy activating kinase 1) and
ATG13, which suppress autophagy initiation!!. Conversely, under conditions of nutrient deprivation or other
stressors, mTORCI activity is inhibited, leading to the activation of autophagy?’. This inhibition of mTORC1
releases inhibitory phosphorylation on ULK1 and ATG13, allowing the formation of the ULK1-ATG13-FIP200
complex, which initiates autophagy®®. This allows cells to recycle cellular components to generate energy and
maintain cellular homeostasis®®. Consequently, the relationship between autophagy and mTORC1 is a dynamic
and finely tuned one that enables cells to adapt to changing nutritional conditions, maintain cellular homeostasis,
and influence neuroplasticity®.

Tianeptine is a drug used primarily as an antidepressant and anxiolytic**3!. The mechanism of action
for tianeptine’s antidepressant and anxiolytic effects is thought to be different from other currently used
antidepressants, including SSRIs, and the exact mechanism of action is not clearly understood??33. However,
studies have suggested that tianeptine may exert its antidepressant and anxiolytic effects by increasing BDNF
expression and affecting neuroplasticity, similar to traditional antidepressants**~*¢. The mechanism of tianeptine’s
effects on neuroplasticity is also unclear. Recent studies suggest that tianeptine may exert its antidepressant
effects by affecting neuronal autophagy®’.

The limitations of current antidepressants, including delayed therapeutic effects and incomplete
understanding of mechanisms, now emphasize the need for new approaches. Given the critical role of mMTORC1
in neuroplasticity and autophagy and the recent findings on ketamine, it is important to investigate how other
antidepressants, such as tianeptine, affect these pathways. Therefore, this study aims to investigate the effects of
tianeptine on the mMTORC1-mediated autophagy pathway in primary hippocampal neurons under B27-deprived
conditions, potentially revealing a novel mechanism of its antidepressant effects.

Results

Effects of nutrient deprivation on apoptosis and autophagy in cultured primary hippocampal
neurons

Growth medium B27, which contains a variety of growth factors, proteins, and lipid-rich compounds, enhances
the growth of primary neurons while inhibiting the growth of glia®®. To investigate the effects of B27 deprivation
on autophagy and neurotoxicity of hippocampal cells, cells were maintained without B27 supplementation for 3
days. B27 deprivation resulted in a significant reduction in cell viability by approximately 18% (82.4% of control,
t=4.070, p<0.001, Fig. 1A). Furthermore, treatment with 0.5 pM rapamycin and 10 uM chloroquine, used as
a positive control for autophagy detection, decreased cell viability to approximately 35.4% (64.6% of control,
t=12.200, p<0.001, Fig. 1A).

The levels of ULK1 phosphorylation, Beclin 1, LC3B-II/I ratio, and p62 were quantified by Western blot
analysis. The level of phosphorylated ULK1 was found to be decreased by B27 deprivation (64.6% of control,
t=5.500, p<0.001, Fig. 1B). The levels of Beclin 1 and LC3B-II/I were increased by approximately 49% (148.5%
of control, t=4.330, p<0.001, Fig. 1C) and 52% (151.6% of control, t=2.960, p=0.010, Fig. 1D), respectively.
In B27 deprivation conditions, the level of p62 expression was reduced to a level similar to that observed in the
positive control (60.3% of control, ¢=_8.840, p<0.001, Fig. 1E).

Figure 1F shows strong green fluorescence in the cytoplasm of positive control cells, indicating autophagy
activation. In contrast, B27-deprived cells exhibit a slight reduction in fluorescence, while control cells display
markedly diminished fluorescence. B27-deprived cells exhibited a significantly elevated number of LC3B puncta
(155.1% of control, t=3.290, p=0.001, Fig. 1F).

The effects of tianeptine on autophagy in B27-deprived cells
The toxicity of tianeptine in B27-deprived hippocampal cells was assessed to further experiments. Tianeptine
was treated at various doses (1-200 uM) to B27-deprived cells. No significant changes in viability were observed
in cells treated with 1-100 uM tianeptine. In contrast, treatment with 200 pM tianeptine resulted in a significant
decrease in cell viability (F, ;) =40.900, p<0.001; B27 deprivation only versus B27 deprivation + tianeptine 200
uM, p<0.001, Fig. 2A). Consequently, 200 uM tianeptine was excluded from the subsequent experiments. B27
deprivation resulted in a significant decrease in the phosphorylated level of mTORCI (F; 5, =3.370, p=0.016;
control versus B27 deprivation only, p=0.016, Fig. 2B). This effect was significantly prevented by tianeptine 100
uM (B27 deprivation only versus B27 deprivation + tianeptine 100 pM, p=0.040).

Figure 3 illustrates the effects of tianeptine (50 and 100 uM) on the expression of autophagic proteins and
autophagosome formation in B27-deprived cells. The phosphorylated level of ULK1 was significantly reduced

by B27 deprivation (F; ,4=6.690, p=0.002; control versus B27 deprivation only, p=0.002), but this reduction
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Fig. 1. The effect of B27 deprivation on apoptosis and autophagy of hippocampal cells. The cells were
maintained with (B27 +) or without (B27 —) growth medium B27 for 3 days. Cells treated with 0.5 uM
rapamycin and 10 uM chloroquine were employed as a positive control (PC). An MTT assay was conducted
(n=32-33) (A). Western blots were employed to assess the levels of ULK phosphorylation (n=38) (B), Beclin
1 (n=10) (C), the LC3B-II/I ratio (n=8) (D), and p62 (n=8) (E). Quantitative analyses were normalized

to the total ULK or the a-tubulin band. Full-length uncropped gels for all Western blots are available in the
Supplementary Information. The cells were stained with the Cyto-ID Green autophagy dye and analyzed by
confocal microscopy (n=39-40 fields) (F: left, representative image; right, Quantitative analyses). The values
are presented as the mean + standard error of the mean (SEM) expressed as a percentage of the control values
(B27 + /PC -). *p<0.05, **p <0.01 and ***p < 0.001 versus control.
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Fig. 2. The effect of tianeptine on the viability of B27-deprived hippocampal cells. The cells were treated with
tianeptine (TIA; 1-200 uM) in the absence of growth medium B27 (B27 —) for 3 days. An MTT assay was
conducted (n=8) (A). Western blots were employed to ascertain the levels of mMTORCI phosphorylation (1 =6)
(B). The quantitative analyses were normalized to the total mMTORCI band. Full-length uncropped gels for all
Western blots are available in the Supplementary Information. The values are presented as the mean + standard
error of the mean (SEM) expressed as a percentage of the control (B27+/TIA-) values. *p <0.05 and

6 <0.001 versus control; Tp<0.05 and T7p < 0.001 versus B27 deprivation only (B27—/TIA-).
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Fig. 3. The effects of tianeptine on the expression of autophagic proteins and autophagosome formation in
B27-deprived hippocampal cells. Cells were treated with tianeptine (TIA; 50 and 100 uM) in the absence

of growth medium B27 (B27 —) for 3 days. Western blots were employed to assess the levels of ULK
phosphorylation (n=8) (A), Beclin 1 (n=10) (B), the LC3B-II/I ratio (n=8) (C), and p62 (n=8) (D).
Quantitative analyses were normalized to the total ULK or the a-tubulin band. Full-length uncropped gels
for all Western blots are available in the Supplementary Information. The cells were stained with the Cyto-

ID Green autophagy dye and analyzed by confocal microscopy (1 =30 fields) (E). The values are expressed

as a percentage of the control (B27 +/TIA —) and presented as the mean + standard error of the mean (SEM).
*p<0.05, *p<0.01 and ***p < 0.001 versus control; /p<0.05, 7p<0.01 and "7p <0.001 versus B27 deprivation

only (B27-/TIA-).
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was significantly reversed by tianeptine 100 uM (B27 deprivation only vs. B27 deprivation + tianeptine 100 M,
p=0.012, Fig. 3A). B27 deprivation was found to significantly elevate Beclin 1 and LC3B-II/I levels (Beclin 1:
F|; 36=6-810, p<0.001; control versus B27 deprivation only, p=0.005; LC3B-II/I ratio: F (3.28) = 4-680, p=0.009;
control versus B27 deprivation only, p=0.049), whereas 100 uM tianeptine 51gn1ﬁcantly reversed these effects
(Beclin 1: B27 deprivation only versus B27 deprivation + tianeptine 100 uM, p=0.001, Fig. 3B; LC3B-II/I ratio:
B27 deprivation only versus B27 deprivation + tianeptine 100 uM, p =0.009, Fig. 3C). Treatment with tianeptine
50 or 100 uM reversed the decrease in p62 expression induced by B27 deprivation (F; 5, =11.500, p<0.001;
control versus B27 deprivation only, p <0.001; B27 deprivation only versus B27 deprlvatlon + tianeptine 50 pM,
p=0.004; B27 deprivation only versus B27 deprivation + tianeptine 100 uM, p <0.001, Fig. 3D).

B27 deprivation significantly affected the number of LC3B puncta (F,,,,=5.705, p=0.001, control
versus B27 deprivation only, p=0.044, Fig. 3E). Tianeptine 50 or 100 pM 51gn1ﬁcantly reduced the number of
puncta in B27-deprived cells (B27 deprivation only versus B27 deprivation + tianeptine 50 uM, p=0.003; B27
deprivation + tianeptine 100 pM, p=0.003).

The effects of MTORCL1 inhibition on tianeptine-induced autophagy in B27-deprived cells
To investigate the role of mTORCI signaling in the inhibition of tianeptine-induced autophagy, cells were
pretreated with rapamycin under B27 deprivation conditions. The levels of mTORC1 phosphorylation, the
LC3B-II/I ratio, and p62 were quantified by Western blotting (Fig. 4).
Two-way ANOVA revealed significant differences for tianeptine (F,,;;=9.681, p=0.006), rapamycin
120=%4726, p=0.042), and the tianeptine x rapamycin interaction (F (1,20 = 10-010, p=0.005) for the
phospilorylated levels of mTORCI. Post hoc analyses showed that tianeptine s1gn1ﬁcantly increased mTORC1
phosphorylation (p=0.002) and this increase was blocked by rapamycin (p=0.007, Fig. 4A). Significant
differences in LC3B-II/T levels were also observed for tianeptine (F,,,=13.800, p=0.001), rapamycin
(F[1 20) = 4990, p=0.037), and the interaction between tianeptine and rapamycin (F[1 501 =4.770, p=0.041). The
tianeptine-induced decrease in LC3B-I1/1I levels was completely blocked by rapamycin (p = 0.032, Fig. 4B). A two-
way ANOVA of p62 levels revealed a significant effect of tianeptine (F, ,; =14.900, p<0.001) and rapamycin
(Fyy 29)=4490, p=0.047), as well as a trend for an interaction between t1anept1ne and rapamycin (F,, ,,=3.830,
p=0.064). In a post hoc comparison, p62 level was increased by tianeptine (p=0.003), and this effect was blocked
by rapamycin (p =0.044, Fig. 4C).

Discussion

In this study, tianeptine reversed the decrease in mTORCI phosphorylation and changes in autophagy protein
expression induced by B27 deprivation. It also reduced the ratio of Beclin 1 to LC3B-II/I and the number of LC3B
puncta, suggesting an inhibitory effect on autophagy. These effects were also blocked by rapamycin, confirming
that the effect of tianeptine on autophagy is mediated by the mTORCI1 pathway.

Autophagy is a cellular metabolic process that degrades and removes unneeded organelles or proteins via
lysosomes?’. Autophagy has been implicated in the pathophysiological mechanisms of several psychiatric
disorders, including depression. Recent studies have shown that autophagy-mediated cell death impairs
neuroplasticity, leading to depression, and that antidepressants can modulate autophagy?*?’. However, the exact
role of autophagy in the pathophysiology of depression is not fully understood™.

Autophagy markers are biological measurements that play an important role as indicators of autophagy
during normal physiological processes, pathogenic processes, or pharmacological responses to drugs*® and there
are different types of autophagy markers, including macroautophagy, selective autophagy, chaperone-mediated
autophagy, and microautophagy. These autophagy markers can be used to detect autophagy levels in cells or
tissues dynamically, in real time, and quantitatively, but each has its own significance and limitations*'. In this
study, we measured changes in the macroautophagy markers Beclin 1, LC3B, ULKI, and p62, as well as changes
in LC3B puncta, in neurons under B27 deprivation conditions.

Beclin 1 is a protein that plays an important role in the regulation of autophagy in cells and is an essential
component of the phosphatidylinositol 3-kinase class III (PI3K-III) complex, which is involved in the formation
and maturation of autophagosomes*>**. Cancer and neurodegenerative diseases have been shown to occur when
Beclin 1 does not function properly**. LC3B also plays an important role in the autophagy process. L3CB identifies
autophagy targets, triggers the production of autophagosomes, and can also be used to measure autophagosome
levels. The formed autophagosomes are used to engulf cytoplasmic elements, including cytoplasmic proteins and
organelles, and to engulf organelles*"*>. In addition, LC3B-1 is converted to LC3B-II, which forms an autophagic
membrane*!. ULK1 plays an important role in the early stages of autophagy*. In the absence of nutrients,
dephosphorylation of ULK1 leads to dissociation of a ULK1-containing complex (ULK1-Atg13-Atg101-FIP200
complex) from the mTORC1 complex*”+*3. This leads to increased activation of the Beclinl/Vps34 complex
(Beclinl-Atgl4L-Vps15-Vps34 complex), which induces the production of phosphatidylinositol 3-phosphate
(PI3P) and subsequent nucleation of vesicles with a bilayer structure by aggregated DFCP1 and WIPI proteins®.
This is followed by vesicle elongation by proteins containing two ubiquitin-like conjugation systems [Atgl2-
Atg5-Atgl6 and LC3-phosphatidylethanolamine (PE)], leading to autophagosome formation*>*®. p62, also
known as sequestosome-1 (SQSTM1), is a multifunctional protein that acts as an autophagy receptor. It interacts
with ubiquitinated proteins and delivers them to autophagosomes for degradation. During this process, p62
degrades itself and a corresponding decrease in p62 levels is observed when autophagy is induced. Similarly,
when autophagy is severely inhibited, p62 is observed to accumulate in the cell>":*2. Therefore, p62 can be a useful
metric for measuring autophagy activity. The level of p62 indicates the degree of autophagy, and a decrease in
p62 is associated with an increase in autophagy™.

In this study, we observed changes in autophagy in primary hippocampal neurons from mice exposed to a
B27-deprived environment. In cell culture, a B27-deprived environment refers to the omission or removal of
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Fig. 4. The effects of the mTORCI1 inhibitor rapamycin on the regulation of tianeptine-induced autophagic
proteins expression in B27-deprived hippocampal cells. B27-deprived cells were incubated with rapamycin
(RAP, 2 uM) for 30 min prior to treatment with tianeptine (TIA; 100 uM). Following a three-day incubation
period, Western blotting was conducted to assess the levels of mMTORC1 phosphorylation (n=6) (A), the
LC3B-II/I ratio (n=6) (B), and p62 (n=6) (C). Quantitative analyses were normalized to the total mMTORCI1
or the a-tubulin band. Full-length uncropped gels for all Western blots are available in the Supplementary
Information. The values are expressed as the mean + standard error of the mean (SEM) and represent the
percentage of the control (B27—-, no drug) values. **p <0.01 versus control; /p <0.05 and "p <0.01 versus
tianeptine-only-treated cells.
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B27 supplementation from the growth medium used to grow neurons or other cell types in vitro. Depriving
cells of B27 can be used to study a variety of cellular processes, including cell death, survival mechanisms, and
the effects of nutritional stress on cell health and function®. For example, studies using neuronal cell cultures
have shown that the absence of B27 can simulate conditions that may cause cellular stress or damage, which
may be useful for studying neurodegenerative diseases or the effects of certain treatments aimed at improving
cell survival and resilience. In the present study, a B27-deprived environment decreased phosphorylated ULK1
levels and increased Beclin 1 and LC3BII/I ratios. It also decreased p62 levels compared to the chloroquine-
treated group. Immunofluorescence studies also showed an increase in the number of LC3B membranes in
B27-deprived hippocampal neurons. Taken together, these results indicate that a B27-deprived environment
increases autophagy in primary rat hippocampal neurons. This is consistent with previous findings by Young
et al. who observed that B27 deprivation increased autophagy in primary cortical neurons®, and another study
confirming that starvation induces autophagy>®. The phosphorylation levels of ULK1, which were reduced by
B27 deprivation, were significantly reversed by tianeptine 100 pM treatment. In addition, the levels of Beclin
1 and LC3B-II/I, which were increased by B27 deprivation, were significantly reversed by tianeptine 100 M
treatment. Tianeptine 50 or 100 uM also reversed the Beclin 1 and LC3B-II/I ratios decreased by B27 deprivation.
B27 deprivation also significantly affected the number of mucosal LC3B on immunofluorescence. Tianeptine
50 or 100 puM significantly reduced the number of membranes in B27-deprived cells. In this study, tianeptine
treatment reduced the activation of autophagy induced by B27 deprivation in primary rat hippocampal neurons.
And the reversal of autophagy markers by tianeptine suggests a reduction in autophagy activity, indicating a
protective mechanism against excessive autophagy which could lead to cellular damage®”-8. Previous studies
have shown that antidepressants used to treat depression and anxiety can have a variety of effects on neuronal
autophagy®. However, these effects are highly complex and may vary depending on the specific antidepressant
and the context in which it is used®*>. Several studies have shown that antidepressants affect neuronal autophagy;
however, these findings are inconsistent and offer several possible explanations.

Serotonin (5-hydroxytryptamine, 5-HT) plays a crucial role in mood regulation, neuroplasticity, and
metabolic homeostasis®’. Emerging evidence suggests that serotonin signaling may influence autophagy,
potentially through its interaction with mTORCI, a key autophagy-regulating pathway®"%2. However, direct
evidence linking specific serotonin receptor subtypes to autophagy regulation remains limited. Some studies
indicate that serotonin receptors might affect cellular survival pathways that intersect with autophagy-related
signaling cascades. For example, 5-HT2A receptor activation has been associated with the ERK1/2 signaling
pathway, which regulates neuronal survival and apoptosis and may have implications for autophagy regulation®.
Similarly, 5-HT1A receptor activation modulates the cAMP-PKA pathway, which influences neuronal survival
and metabolic homeostasis®*. While these signaling mechanisms are known to interact with autophagy, their
precise role in serotonin receptor-mediated autophagy modulation requires further elucidation. Given the
established role of serotonin receptors in synaptic plasticity and cellular metabolism, investigating their potential
effects on autophagy may provide valuable insights into the pathophysiology of neurodegenerative disorders
and mood regulation. Clarifying these mechanisms could help determine whether targeting serotonin signaling
pathways represents a viable approach for modulating autophagy in therapeutic applications.

Furthermore, emerging evidence suggests that SSRIs, including fluoxetine and citalopram, can enhance
autophagy in neurons and astrocytes”’. This suggests that serotonergic modulation may influence autophagic
flux, although the precise molecular mechanisms remain unclear. Additionally, autophagy itself has been shown
to regulate serotonin receptor turnover and synaptic function, indicating a potential bidirectional interaction
between serotonin signaling and autophagy™. Tianeptine is known to modulate serotonergic neurotransmission;
however, its exact mechanism remains under investigation. While early studies suggested that tianeptine may
enhance serotonin reuptake®>*®, more recent findings indicate that its primary effects involve modulation of
serotonin receptor signaling and synaptic plasticity rather than direct serotonin transporter regulation®>¢’.
Given the role of serotonin receptors in autophagy regulation, further research is needed to determine whether
tianeptine indirectly influences autophagy through serotonin receptor activity. Although this study did not
directly measure serotonin levels, the observed changes in autophagy following tianeptine treatment suggest a
potential link between serotonin receptor activity and mTORCI-mediated autophagy regulation. Future studies
should investigate this relationship using pharmacological and genetic approaches, such as receptor knockdown
models or selective agonist/antagonist treatments in hippocampal neurons. Specifically, the use of 5-HT1A and
5-HT2A receptor antagonists in neuronal cultures, as well as conditional knockout mouse models, could provide
insights into whether serotonin receptor activity is necessary for tianeptine-mediated autophagy modulation.

We were the first to report that tianeptine increases neuroplasticity by activating mTORCI signaling®®, and
in this study we observed that autophagy was activated by B27 deprivation and that treatment with tianeptine
reduced autophagy. We also found that rapamycin treatment blocked tianeptine-induced increases in mTORC1
phosphorylation and decreases in LC3B I/II ratio and p62, suggesting that tianeptine-induced changes in
autophagy are associated with activation of mMTORCI signaling. Therefore, although the changes in autophagic
proteins and autophagosomes observed in this study may not be sufficient to determine whether autophagy is
promoted or blocked, we have shown that tianeptine can activate mTORCI in hippocampal neurons and affect
autophagy. These findings suggest that modulation of the autophagic process may be a promising therapeutic
target for the treatment of depression.

To our knowledge, this study provides initial evidence that tianeptine modulates autophagy under nutrient
deprivation conditions, emphasizing the involvement of mTORCI signaling in this process. By elucidating the
role of mTORCI1 signaling, our findings contribute to a better understanding of the molecular mechanisms
underlying the neuroprotective and antidepressant effects of tianeptine. However, despite these insights, certain
limitations must be acknowledged. First, the primary hippocampal neuronal culture model lacks the complexity
of the in vivo brain environment, including interactions with glial cells, blood-brain barrier permeability, and
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systemic factors that may influence autophagy®®. While this model provides a controlled setting to examine
cellular mechanisms, future studies should incorporate co-culture systems or organoid models to better mimic
physiological conditions and better characterize the role of tianeptine in autophagy regulation.

Second, whether this mechanism directly contributes to tianeptine’s antidepressant effects in vivo remains
unclear. To determine the translational relevance of these findings, further validation in animal models of
depression is essential. Future studies should utilize rodent models such as chronic unpredictable stress and
chronic social defeat stress to investigate whether tianeptine-induced autophagy modulation correlates with
behavioral improvements’®’!. Additionally, using conditional knockout models lacking mTORCI activity in
neurons could help clarify whether mTORCI signaling is both necessary and sufficient for tianeptine’s effects on
autophagy and depressive behaviors”2.

Finally, our study primarily assessed autophagy through changes in autophagy-related proteins (LC3B,
Beclin 1, p62) and immunofluorescence-based puncta analysis. While these approaches provide valuable
insights into autophagic activity, they do not fully capture autophagic flux. Future research should incorporate
lysosomal inhibitors (e.g., bafilomycin A1, chloroquine) and live-cell imaging techniques to distinguish between
increased autophagosome formation and impaired degradation, allowing for a more comprehensive assessment
of autophagy dynamics®”>3.

In conclusion, our findings demonstrate that tianeptine can modulate autophagy by regulating key autophagy-
related signaling pathways, which may contribute to its neuroprotective and antidepressant effects. These
insights may have implications for the development of therapeutic strategies targeting autophagy regulation in
depression and other neurological disorders.

Methods

Primary hippocampal cell cultures

Primary cultures of hippocampal neurons were prepared from fetal brains of embryonic day 19 in Sprague-
Dawley rats (Hana Biotec; Pyeongtaek, Gyeonggi-do, Korea) as previously described®. All experimental
procedures were conducted in accordance with the guidelines for the care and use of laboratory animals for
scientific purposes, following approved protocols from the Committee for Animal Experimentation and the
Institutional Animal Laboratory Review Board of Inje Medical College (Approval No. 2018-019). Furthermore,
all methods were performed in compliance with relevant institutional and national regulations, as well as the
ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines. The hippocampi were dissected in
neurobasal medium. The cells were maintained in neurobasal medium with growth medium B27 supplement
(components: Biotin, a-tocopherol acetate, a-tocopherol, vitamin A, bovine serum albumin, catalase, insulin,
transferrin, superoxide dismutase, corticosterone, galactose, ethanolamine, glutathione, Carnitine, linoleic
acid, linolenic acid, progesterone, putrescine, selenium, and triodo-L-thyronine, L-glutamine, and penicillin/
streptomycin (all culture reagents from Invitrogen; Carlsbad, CA, USA). To stabilize the cells, they were grown
for 7-10 days under the aforementioned conditions (normal conditions). Subsequently, the impact of nutrient
deprivation on neural autophagy was investigated by culturing cells in the absence of B27 supplement (B27
deprivation conditions) for 3 days. To serve as positive controls for the induction of autophagy, 0.5 uM of
rapamycin and 10 uM of chloroquine were added under normal conditions.

Drug treatment

One hundred mM of tianeptine (Tocris Bioscience; Ballwin, MO, USA) was completely dissolved in distilled water
and diluted to various concentrations in neurobasal medium. To ascertain whether tianeptine affects autophagy
induced by B27 deprivation, hippocampal cells were incubated with 1-200 uM of tianeptine (Tocris Bioscience;
Ballwin, MO, USA) in B27 deprivation conditions for 3 days. To investigate the inhibitory effects, cells were
treated with 2 uM rapamycin (Calbiochem, San Diego, CA, USA) 30 min prior to tianeptine administration.
To select an appropriate rapamycin dose, rapamycin was tested at concentrations ranging from 0.5 uM to 2
uM in B27-deprived cells. These concentrations did not affect cell viability, mMTORCI1 phosphorylation, or the
expression of autophagic proteins (data not shown). Consequently, the highest dose of rapamycin tested (2 uM)
was selected for further investigation.

MTT assay

The viability of the cells was assessed using the MTT assay. Cells were seeded in 96-well plates at a density of 1 x 10*
cells per well and cultured for 3 days. Subsequently, the cells were incubated with the 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide (MTT; Sigma, St. Louis, MO, USA) solution at 37 °C for 4 h to allow
the formazan to dissolve. The absorbance was recorded at a wavelength of 570 nm using an ELISA reader
(Spectramax M2e; Molecular Devices, San Jose, CA, USA). The MTT assay was conducted in two to three
independent cultures.

Western blot analysis

Primary hippocampal cells were plated on 6-well dishes at a density of 2x 10° cells per well and harvested in
ice-cold lysis buffer (20 mM Tris-HCI, 137 mM NaCl, 10% glycerol, 1% Nonidet™ P-40, 0.1% SDS, 0.5% sodium
deoxycholate, and 2 mM EDTA) containing one complete protease inhibitor tablet (Roche; Laval, Quebec,
Canada). The lysates were then centrifuged, and the supernatants were collected. Twenty ug of protein were
separated by SDS-PAGE and then transferred to polyvinylidene fluoride membranes (PVDF; Millipore, Bedford,
MA, USA). The membranes were incubated in Tris-buffered saline and Tween 20 (TBST) containing 5% bovine
serum albumin for 1 h at room temperature, followed by overnight incubation at 4 °C with primary antibodies.
The primary antibodies utilized in this study were as follows: anti-phospho-mTORCI1 (Ser2448, #2971), anti-
mTORCI (#2972), anti-phospho-Unc-51-like autophagy-activating kinase-1 (ULK1) (Ser757, #14202), anti-
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ULK1 (#8054), anti-Beclin 1 (#3738), and anti-LC3B (#2775) from Cell Signaling Technology (1:1000 Beverly,
MA, USA); anti-p62 (ab56416) from Abcam (1:1000, Cambridge, UK); anti-a-tubulin (T9026) from Sigma
(1:2000). The secondary antibody was anti-a-tubulin (T9026) from Sigma (1:2000). Following a washing step, the
membranes were incubated for 1 h at room temperature in TBST containing horseradish peroxidase-conjugated
secondary antibodies (mouse anti-rabbit IgG for anti-phospho-mTORCI, anti-mTORCI, phospho-ULKI,
anti-ULK1, anti-Beclin 1, and anti-LC3B [1:2000]; anti-mouse IgG for anti-p62 [1:2000] and anti-a-tubulin
[1:10000]). The membranes were subsequently washed and the signals were visualized using a Clarity Western
enhanced chemiluminescence (ECL) solution (Bio-rad, Hercules, CA, USA). Chemiluminescence was detected
using an Amersham imager 600 (AI600; GE Healthcare Life Sciences, Fairfield, CT, USA). The densitometric
values of protein bands were quantified using the Multi-Gauge Software (Fuji Photo Film Co., Ltd., Tokyo,
Japan). Western blot analysis was conducted in duplicate on each of three to five independent cultures.

Immunofluorescence for autophagy detection

Hippocampal cells were plated on 12-well dishes with glass bottoms at a density of 2x 10* cells per well. After
3 days of incubation, cells were stained for autophagic vacuoles using the Cyto-ID" Autophagy Detection Kit
(#ENZ-51031, Enzo, Farmingdale, NY, USA) according to the manufacturer’s protocol. In brief, the cells were
washed once with 1xassay buffer and then incubated in a solution of the Cyto-ID green dye and the nuclear stain
Hoechst 33,342 at 37 °C for 30 min. For fixation, cells were treated with 4% paraformaldehyde and permeabilized
with 0.1% Triton X-100. Images were obtained using a confocal laser scanning microscope (Nikon, Japan). Image]
(version 1.25a) was used to quantify the number of puncta per cell applying a puncta size range (5-Infinity), a
pixel count threshold (auto) and a circularity range (0.00-1.00) to exclude nonspecific signals. The number
of LC3B puncta was quantified using the ImageJ 1.52a software (National Institutes of Health, Bethesda, MD,
USA). A minimum of 150 to 200 cells were counted in 30 fields for a minimum of nine sets of slides from three
independent cultures.

Statistical analysis

All statistical analyses were conducted using GraphPad Software version 10.1.2 (La Jolla, CA, USA). A comparison
of control and B27-deprived cells was conducted using an unpaired Student’s t-test. The dose-dependent effect
of tianeptine was analyzed using one-way analysis of variance (ANOVA). In order to evaluate the effects of
rapamycin blockade, a two-way ANOVA was employed to assess the main effect of tianeptine or rapamycin, as
well as the interaction between tianeptine and rapamycin. For post hoc comparison, Tukey’s multiple-comparison
test was employed. In all analyses, a p-value of less than 0.05 was considered statistically significant.

Data availability

Data is available on request from the corresponding authors.
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