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Abstract: The use of FDA-approved drugs for new indications represents a faster and more economi-
cal way to find novel therapeutic agents for cancer therapy, compared to the development of new
drugs. Repurposing drugs is advantageous in a pharmacological context since these drugs already
have extensive data related to their pharmacokinetics, facilitating their approval process for different
diseases. Several studies have reported the promising anticancer effects of sertraline, both alone
and combined, in different types of cancer cell lines. Here, we performed a literature review on
the anticancer potential of sertraline against different human cancer cells, more specifically in lung,
colorectal, breast, hepatocellular, leukemia, brain, skin, oral, ovarian, and prostate cancer. Taken
together, these findings suggest that sertraline decreases cell viability, proliferation, migration, and
invasion, induces apoptosis, and causes cell cycle arrest in different types of cancer cells, besides
being an established P-glycoprotein modulator. It was also found that this drug is able to modulate
check for autophagy, cause DNA fragmentation, and induce radical oxygen species (ROS) formation. Moreover,
updates it was found this drug targets important cellular pathways involved in tumorigeneses such as the
TNF-MAP4K4-JNK pathway, the antiapoptotic pathway PI3K/Akt/mTOR, and the AMPK/mTOR
axis. This drug also interferes with the TCTP /P53 feedback loop and with the cytosolic free Ca2*
levels. Together, these results suggest that sertraline may be a promising compound for further
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evaluation in novel cancer therapies.
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(excluding basal and squamous) to account for 108,480 new cases and 11,990 deaths [1].
These data highlight the critical need for the development of innovative and more effective
cancer treatments that can contribute to lower cancer patient mortality and enhance their
quality of life while undergoing treatment.

The estimated costs for the de novo development of a single anticancer drug are
about $650 million, in a process with a duration of approximately 17 years [3,4]. Moreover,
only about 10 new anticancer drugs are approved every year by the Food and Drug
Administration (FDA) [3,5]. Drug repurposing, also known as drug repositioning, is an
alternative approach to the de novo drug development that re-investigates drugs that have
previously received FDA approval and are available on the market for novel therapeutic
purposes other than their original ones [3]. This can also happen when the therapeutic uses
of a drug are expanded to treat additional diseases that are related to the one being treated,
such as other types of cancers. Since the data related to their absorption, distribution,
metabolism, elimination, and toxicity (ADMET), acceptable therapeutic doses, and safety
information from clinical trials are already extensively described, this approach requires
less time and money than the development of novel drugs de novo, shortening the process
approval and boosting the likelihood of these drugs entering clinical trials [6,7]. Another
advantage of drug repurposing is that most repurposed drugs can be taken orally with
good tolerance; furthermore, since most of them are generic medicines, they are more
affordable than newly patented drugs [8]. One must keep in mind that novel side effects
that may not be described for their original indication can arise for a new therapeutic
indication [3], making it necessary for clinical trials to further validate the application of
these drugs in novel indications [3].

Over the years, the number of repurposed drugs has been increasing and different
drugs have already been successfully repositioned against several diseases [9]. Thalidomide,
for example, initially discovered as an anti-emetic drug, has already been approved for the
treatment of leprosy and multiple myeloma [3,10]. Another drug, metformin, which was
initially proposed for the treatment of diabetes, is now in clinical trials as an adjuvant drug
for cancer treatment [3,11]. Even with the COVID-19 pandemic, drug repurposing was
demonstrated to have an important role in accelerating the discovery of novel therapies for
this disease. For example, the antiparasitic drugs chloroquine and ivermectin have been
proposed for the treatment of COVID-19 [12-15].

Several studies have already suggested the positive outcomes of using central nervous
system (CNS) drugs as adjuvant therapy to reduce depressive events and improve the
quality of life in cancer patients [16-18]. Moreover, the repurposing of CNS drugs to treat
different types of cancer has already been reported, and preliminary findings in human
cancer cells and animal models suggest that this class of therapies may have potential
anti-cancer effects [19-23].

Sertraline (Figure 1), sold under the commercial name Zoloft®, is a drug belonging
to the class of selective serotonin reuptake inhibitors (SSRIs), which are antidepressants
commonly used in the management of psychiatric disorders [24]. This drug was among the
first SSRIs compounds to be approved by the FDA for clinical use, in 1992 [25]. This drug
demonstrates efficacy in the treatment of depression, including major depressive disorder,
anxiety and eating disorders, and also premenstrual dysphoric disorders [25].
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Figure 1. Chemical structure of sertraline. The structure was obtained using ChemDraw software
(version 12.0, PerkinElmer, Inc. Waltham, MA, USA).

Compared to other antidepressant drugs, sertraline has an improved profile of tolera-
bility, less lethality in cases of overdose, and a reduced risk of dependence [25]. Using an
in vitro model of the blood-brain barrier (BBB), it was found that sertraline easily crosses
this barrier [26]. Moreover, both sertraline and its active metabolite desmethylsertraline
were found to interact with P-glycoprotein, a protein present in the BBB encoded by the
ABCBI gene, with high affinity [27]. The main metabolism of sertraline occurs in the
liver (Figure 2) and most studies have focused their attention on the demethylation of
sertraline to desmethylsertraline, a reaction mediated by multiple cytochrome P450 (CYP)
enzymes [28].
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Figure 2. Metabolism of sertraline in the liver and its interaction with the BBB. Adapted from [28].
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Although sertraline can target the CYP2D6 isoenzyme, it happens in a lower degree
than other antidepressants, reducing the chance of negative drug—drug interactions, which
is particularly important in elder patients receiving more than one drug [25]. Additionally,
this drug has already been extensively studied and prescribed for clinical use, which
supports its efficacy and favorable toxicological profile [25]. Its primary mechanism of
action involves the inhibition of serotonin reuptake into the pre-synaptic nerve terminals,
which causes the elevation of serotonin levels in the synaptic gap [29].

Despite its well-known benefits in the treatment of psychiatric disorders, several stud-
ies have already investigated the anticancer potential of SSRIs in different types of cancer
cells [25]. For example, fluoxetine, an older SSRI than sertraline, has demonstrated the
ability to decrease the proliferation of PC-3, DU-145 and LNCaP prostate cancer cells, both
in vitro and in animal models [30]. In other studies, this SSRI has also been able to induce
apoptosis of C6 glioma [31] and neuroblastoma cells [32], in a mechanism involving the
activation of mitogen-activated protein kinase (MAPK) N-terminal kinase (JNK) pathway,
including phosphorylation of the c-Jun protein [32]. Another study observed a decrease
in the cell viability of Jurkat malignant T cells after treatment with 20 uM of fluoxetine,
demonstrating the potential of this class of drugs to act as anticancer agents [33]. Another
recent study using different cell lines (malignant B, T, and myeloid cells) evaluated the
effect of paroxetine and citalopram, two SSRIs, and found these drugs are able to decrease
cancer cell proliferation and induce apoptosis, in a concentration-dependent manner, in a
mechanism serotonergic-independent [34]. Nevertheless, the authors found these drugs
were nonselective for cancer cells, warning of their use as standalone chemotherapeutic
agents [34]; however, they also concluded these drugs could be used in tolerable doses,
preferentially in combination with antineoplastic drugs, supporting their use as chemosen-
sitizer agents [34]. Indeed, fluoxetine has been shown to inhibit the P-glycoprotein [35],
a multidrug resistance extrusion pump involved in the development of cancer resistance,
a feature that can be useful for adjuvant chemotherapy.

The discovery of the anticancer properties of sertraline by Adam Telerman and Robert
Amson in 1993 was only the starting point of the many studies that urged, in the following
years, the study of the anticancer effects of this repurposed drug [36]. Moreover, Telerman
et al. were also responsible for the discovery of the involvement of the Translationally
Controlled Tumor Protein (TCTP), a protein that is present in eukaryotic stem cells, in
the process of tumor reversal [36]. This finding opened a new window of opportunities
for the research of new drugs against this target for application in cancer therapy. As
soon as the authors found this protein secreted histamine, they attempted to evaluate the
use of antihistamines and other structurally similar molecules such as antipsychotics and
antidepressants to inhibit TCTP. Among all drugs tested, sertraline was demonstrated to
be the most promising inhibitor, causing an increase in the number of reversible clones in
tumor lines by 30% [37]. Furthermore, in recent years, different case reports have suggested
that the adjuvant use of sertraline is able to improve the clinical status of patients and
even induce tumor remission [38,39]. After these findings, more and more studies on the
anticancer effects of sertraline have been reported. The use of antidepressants as repurpos-
able oncological drug candidates has already been reviewed recently [25]; nevertheless,
no review was found on the exclusive anticancer effects of sertraline. Therefore, in this
article, we focused on the review of the promising anticancer effects of sertraline against
different human cancer cells. To perform this research, PubMed was used in September
2022 to investigate English papers using the terms “cancer AND sertraline”. The search
was also restricted to the human species. In total, 129 records from PubMed were found.
All papers from 1997 to date were scanned, and 26 were considered relevant for this review.
The overview of this review is described in Figure 3.
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Figure 3. Overview of this review and main findings on the research of sertraline in cancer.

2. Review on the Anticancer Effects of Sertraline against Different Human
Cancer Cells

In the next sections, we will describe the main findings on the anticancer effect of
sertraline against different types of cancer cells.

2.1. Lung Cancer

Lung cancer represents the leading cause of death by cancer worldwide, also being
one of the most common types of cancer. Jiang and colleagues aimed to develop new
therapies for lung cancer, especially in cases where patients develop resistance to tyrosine
kinase inhibitors (TKIs) [40]. The authors used a medical genetics-based approach to
investigate novel therapeutical uses for more than 1000 FDA-approved drugs and identified
sertraline as a potential candidate with anticancer activity for the treatment of non-small
cell lung cancer (NSCLC) [40]. They evaluated this antidepressant in vitro and found this
drug is able to significantly decrease the viability of different TKI-resistant NSCLC cell
lines (A549, H522, PC9/R, and H1975), with IC5( values 11.10, 10.50, 9.60, and 9.40 uM,
respectively. Importantly, sertraline demonstrated synergic interactions with erlotinib, a
cytostatic drug. Moreover, the authors found that the combined treatment of sertraline
with erlotinib effectively promotes autophagy in these cells, as demonstrated by LC3-II
accumulation and autolysosome formation [40]. Mechanistically, the combined treatment
with sertraline and erlotinib affected the regulation of the AMP-activated protein kinase
(AMPK)/the mechanistic target of rapamycin (mTOR) signaling pathway, as supported
by the impairment in the anticancer effect of sertraline both alone and in combination
with erlotinib after genetic knockdown of AMPK. Furthermore, the anticancer effect of
this combination was found to decrease after pharmacological inhibition of autophagy or
genetic knockdown of ATGS or Beclin 1 [40]. Finally, the in vivo results using an orthotopic
NSCLC mouse demonstrated that the combination of sertraline and erlotinib is able to
successfully decrease tumor growth and increase mouse survival [40].

Recently, Zinnah et al. [41] evaluated if sertraline could sensitize A549, HCC-15, and
Calu-3 human lung cancer cell lines to tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL). TRAIL has a significant role in cancer therapy due to its ability to eradicate
tumoral cells without affecting non-tumoral cells; nevertheless, tumoral cells are commonly
very resistant to TRAIL because they lack death receptor expression [41]. The authors have
successfully demonstrated that sertraline inhibits autophagy and enhances the expression



Biomolecules 2022, 12, 1513

6 of 23

of death receptor 5 on TRAIL-resistant lung cancer cells. Specifically, the authors showed
that sertraline induces TRAIL-mediated apoptosis by downregulating AMP-activated
protein kinase phosphorylation, which results in the inhibition of autophagy and enhanced
death receptor 5 expression, leading to activation of the apoptotic caspase cascade. Taken
together, these results demonstrate that the repurposing of sertraline can be a promising
strategy to increase the sensitization of lung tumoral cells to TRAIL [41].

2.2. Colorectal Cancer

Several studies have reported the importance of TCTP, a protein encoded by the gene
TCTP, and its link with the sertraline anticancer effect in human cancer cells [42]. This
protein is present in eukaryotic stem cells [43] and was first described in 1995, by Susan
MacDonald [44]. It is also called the histamine-releasing factor due to its ability to release
histamine [44]. Throughout the years, despite its histamine-release activity, it was also
found this protein is involved in the maintenance of homeostasis, cell survival (through its
anti-apoptotic action and involvement in cell stress pathways), cell cycle and development
(it acts on microtubules and embryonic development). Furthermore, this protein regulates
cell growth, protein synthesis, and degradation [45]. Moreover, TCTP also acts as a signaling
molecule in immunological reactions [45].

A study compared the profiles of gene expression of revertant and parental tumor
cells and found that TCTP has elevated expression in tumor cells, but barely undetected
expression in revertant tumor cells [37]. Moreover, it was found that the silencing of TCTP
in tumor cells could revert their malignant phenotype and even regulate apoptosis [37,42].
More recently, Amson et al. have described a negative feedback loop between TCTP and the
tumor suppressor protein P53 [43]. They found that TCTP promotes the degradation of P53
via MDM2-mediated ubiquitination, inhibiting P53-mediated apoptosis and contributing
to tumor growth [43]. On the other side, the authors also found that P53 can directly
repress TCTP transcription. Therefore, they hypothesized that restoring P53 function in
tumors by targeting the P53-MDM2 interaction could be a promising strategy for cancer
combat. Hence, the authors aimed to find whether sertraline could interfere with the TCTP-
dependent downregulation of P53. They found that sertraline increased the expression of
P53 with a simultaneous reduction of TCTP expression, in HCT116 colon cancer cells [43]. In
line with these results, the authors also found a dose-dependent decrease in the viability of
HCT116 cells that were exposed to this drug. Furthermore, using Trp53 knockdown HCT116
cells, it was found more resistance to sertraline in these cells than in wild-type HCT116 cells,
demonstrating that these anticancer effects are dependent of P53. These results demonstrate
that sertraline interferes with the TCTP-P53 feedback loop, by increasing the expression
of P53 and decreasing the expression of TCTP, promoting P53-dependent apoptosis of
cancer cells [43]. Moreover, it was found this drug also affects the self-renewal of cancer
stem cells, as demonstrated by the reduction in the mammosphere-forming efficiency of
primary mammary tumor cells from ErbB2 transgenic mice [43]. Taken together, these
results demonstrate that sertraline binds directly to TCTP, causing a reversion on the TCTP-
induced ubiquitination of P53 and preventing the TCTP binding to MDM2, restoring the
MDM2 auto-ubiquitination [43].

In 2008, Gil-Ad et al. [46] evaluated the cytotoxic effect of different antidepressants,
including sertraline, on the viability and proliferation of two different human colorectal
carcinoma cell lines: sensitive HT-29 and multi-drug resistant L51034 cells. The authors
demonstrated sertraline was able to significantly reduce the cell viability and proliferation
in these cell lines in a dose-dependent manner, with ICsy values of 14.7 and 13.1 uM,
respectively, for HT-29 and LS1034 cell lines. Furthermore, when comparing the anticancer
effect of sertraline with common antineoplastic drugs like doxorubicin, vincristine, and
5-fluorouracil, it was found a similar anticancer effect in HT-29 cells and a superior cytotoxic
effect in L.51034 cells [46]. Moreover, the authors also found sertraline treatment in HT-
29 cells caused cell cycle arrest at G0/G1 and induced DNA fragmentation in a dose-
dependent manner. Sertraline treatment also enhanced caspase-3 activation and increased
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c-Jun expression, causing a decrease in the expression of the anti-apoptotic protein Bcl-2,
suggesting that sertraline may induce cell apoptosis through MAPK cascade activation and
Bcl-2 inhibition. The in vivo studies using CD1 nude mice xenografted subcutaneously with
HT-29 cells demonstrated that sertraline is able to significantly inhibit tumor growth after
5 weeks of treatment [46]. Taken together, the authors demonstrated that the antidepressant
sertraline possesses anticancer activity against both sensitive and multi-drug resistant colon
cancer cells and animal models.

Duarte et al. recently developed a new model of drug combination consisting of the
antineoplastic drug 5-fluorouracil with different repurposed drugs, including sertraline,
for colorectal cancer [47]. The authors treated HT-29 colon cancer cells with increasing
concentrations (0.1-100 uM) of sertraline and found an ICsy of 2.45 uM, with a significant
decrease in cell viability for all concentrations above 10 uM, resulting in more than 70% of
cell death [47]. In the combination model, the experimental protocol for drug combinations
was selected based on Chou-Talalay publications [48,49], where it is recommended to use
constant-ratio drug combinations and to select several data points above ICsy and several
below ICsg, to make the determination of drug interactions more accurate. The combination
of 2 and 4 times the ICs5g value of 5-fluorouracil (6 and 12 uM, respectively) plus two and
four times the ICsq value of sertraline (4.9 and 9.8 uM, respectively), resulted in enhanced
significant toxicity compared to 5-fluorouracil alone (Figure 4) [47]. These concentrations
are within the micromolar range and are considered acceptable for preclinical use. More-
over, this drug combination demonstrated strong synergism between the two drugs, which
assures the potential of these drug combinations for dose optimization studies and further
mechanistic studies [47].
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Figure 4. MTT results (A) and morphological analysis (B) of HT-29 cells treated for 48 h with
a combination therapy of 5-FU and sertraline. Results are expressed in relation to control cells
(treated with vehicle) and represent mean £ SEM. Each experiment was repeated three times (1 = 3);
** statistically significant vs. control at p < 0.01. **** statistically significant vs. control at p < 0.0001.
Scale bar: 50 um. Reprinted with permission from Duarte et al. (2021). Copyright 2021 Copyright
Duarte et al. [47].

Moreover, the authors also investigated the expression of some epithelial-mesenchymal
transition biomarkers in HT-29 cells treated with 5-fluorouracil plus sertraline [50]. They
found a more intense expression of E-cadherin in the combination treatments than com-
pared to 5-FU and sertraline alone. It was also seen that this combination treatment leads
to a smaller number of viable cells with less aggregation ability [50]. Regarding (3-catenin,
an intense expression of this protein in HT-29 cells treated with sertraline compared to
control cells was found. Nevertheless, the authors found a decrease in the expression of
this protein when cells were treated with 5-fluorouracil and sertraline combined. Vimentin
expression also decreased upon treatment with sertraline alone and in combination. Taken
together, these results demonstrate that sertraline, both alone and combined, could induce
an epithelial-mesenchymal transition reversal [50].

Another study published by Duarte et al. [51] evaluated if honeybee venom could
synergistically enhance the cytotoxic effect of several CNS agents, including sertraline,
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in HT-29 colorectal cancer cells [51]. Cells were treated with sertraline alone and in com-
bination with increasing concentrations of bee venom for 48 h. The authors found that
treatment with sertraline + honeybee venom caused a significant decrease in cell viability,
both seen by morphological analysis and by MTT assay. Moreover, it was found that
6.25, 12.5 and 25 pg/mL of honeybee venom combined with sertraline produced better
anti-cancer efficacy than each drug alone, supporting the use of sertraline in adjuvant
strategies for colon cancer [51].

Although sertraline is reported to exert antineoplastic effects by inhibiting the sero-
tonin reuptake transporters (SERT) activity, the anticancer mechanism and serotonin
metabolism alterations in the absence of SERT have not been fully elucidated [52]. Re-
cently, Ye et al. demonstrated that inhibiting SERT with sertraline promotes the uptake
and catabolism of extracellular tryptophan in colon cancer, both in vitro and in vivo, in
a mechanism that suppresses mTOR serotonylation, leading to mTOR inactivation and
increased tryptophan uptake and catabolism, that increases serotonin biosynthesis and
oncogenic metabolite kynurenine production [52]. Moreover, the authors also demonstrated
that enhancing Trp metabolism promotes colon cancer growth. Therefore, they evaluated
if the combination of SERT inhibition using sertraline with trametinib, a MEK inhibitor,
could result in enhanced anticancer effects in colon cancer. The authors concluded that
tryptophan uptake blockage can sensitize colon cancer cells to SSRIs such as sertraline [52].

2.3. Breast Cancer

Some reports demonstrated that some antidepressants can strongly inhibit CYP2D6
isoenzyme, affecting the concurrent use of other drugs, especially tamoxifen, a common
antineoplastic agent used for breast cancer treatment [53]. Since sertraline has a less
inhibitory potential of the CYP2D6 isoenzyme, it represents a preferential antidepressant
agent for concomitant use with other drugs, especially in combination treatments of cancers
in which tamoxifen is commonly used [53].

In 2010, Lin et al. [54] evaluated the anticancer effect of sertraline against MCF-7
breast cancer cells and found that this drug is able to significantly reduce cell viability,
proliferation, and protein synthesis in a concentration-dependent manner. Moreover, the
authors demonstrated that this drug is able to reduce polysome content and increase 80S
ribosomes. Mechanistically, it was found that sertraline-induced inhibition in translation
is related to a decrease in the eukaryotic initiation factor (eIF) 4F complex levels, altered
localization of elF4E, and increased elF2x phosphorylation that leads to an increase in
REDDI1 expression, affecting the mTOR pathway [54]. This drug also targets the mTOR
signaling pathway downstream of Rheb, independently. It was also found this drug is
able to increase chemosensitivity to the chemotherapeutic agent doxorubicin in a murine
lymphoma model [54].

Another study published by Bavadekar et al. (2014, [55]) evaluated seven antidepres-
sants among the most prescribed in the US, including sertraline, against MCF-7 breast
cancer cells and determined cell viability after a 24 h treatment using the XTT assay. The
authors demonstrated that sertraline is cytotoxic against this cell line with an ICs of 16 uM,
ranking first in potency among the evaluated compounds [55]. They also demonstrated
that sertraline induces apoptosis in these cells by analysis of morphological changes, phos-
phatidylserine externalization, and poly(ADP-ribose) polymerase (PARP) cleavage [55].

Gwynne et al. [56] recently found that different antagonists of serotonin biosynthesis
and activity, including the antidepressant sertraline, target breast tumor-initiating cells
in different breast cancer cell lines. Specifically, the authors demonstrated that sertraline
affects breast tumor-initiating cells activity in a dose-dependent manner, by reducing the
frequency of sphere-forming cells [56]. Furthermore, they also demonstrated that exposure
of breast tumor cells ex vivo to sertraline induces a reduction in breast tumor-initiating
cells frequency, decreases the growth rate of tumor allografts, and reduces their volume
in a dose-dependent manner [56]. Moreover, the same research group also demonstrated
that the combination of sertraline with docetaxel, a common antineoplastic used in the
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treatment of breast cancer, induces a reduction in tumor cell proliferation and causes cell
death in mammary tumor allografts, in a synergistic way [57].

Geeraerts et al. [58] evaluated the use of two repurposed drugs, sertraline, and
thimerosal, against serine/glycine synthesis-addicted breast cancer cancers using a yeast
model system. The authors found that sertraline is able to inhibit the serine/glycine syn-
thesis enzyme serine hydroxymethyltransferase. Furthermore, when combined with the
mitochondrial inhibitor artemether, sertraline displayed an enhanced antiproliferative ef-
fect, caused by G1-S cell cycle arrest [58]. These findings were further supported by in vivo
evidence, where it was found that this combination results in serine-selective antitumor
activity in breast cancer mouse xenografts, which suggests that simultaneous inhibition
of serine/glycine synthesis and mitochondrial metabolism can be used as a promising
therapy for serine/glycine synthesis addicted cancers [58].

In another work, Duarte et al. investigated the anticancer effects of a new combination
model consisting of chemotherapeutic agents commonly used in breast cancer therapy
(paclitaxel and doxorubicin) and different repurposed drugs, including the antidepressant
sertraline [47,50]. MCEF-7 cells were treated with sertraline both alone and combined with
paclitaxel and doxorubicin. At concentrations between 0.1 and 100 uM, sertraline alone
demonstrated the ability to significantly reduce MCF-7 cell viability, at all concentrations
above 10 uM, causing more than 70% of cell death, and with an ICs of 2.22 uM, after a
treatment of 48 h. When combined with paclitaxel, sertraline was not able to significantly
increase the cytotoxic effect of the antineoplastic drug [47]. The combination of sertraline
with doxorubicin also demonstrated that the use of sertraline as an adjuvant agent is not
advantageous [50]. In the future, further studies are necessary to determine the mechanism
of action of these combinations and the reasons behind the failure of these therapeutic
regimens.

Recently, Duarte et al. evaluated if honeybee venom could synergistically be used in
combined therapies, to enhance the cytotoxic activity of different CNS drugs, including
sertraline, in the MCF-7 breast cancer cell line [51]. Cells were treated with sertraline, both
alone and combined with increasing concentrations of bee venom, and it was found that
sertraline significantly inhibits the growth of these cells, at concentrations above 10 uM.
Moreover, the combination of sertraline and honeybee venom at the lowest concentration,
demonstrated significant anticancer efficacy than both drugs alone, with more than 50%
cell death, which supports the use of sertraline in adjuvant strategies for breast cancer [51].

2.4. Hepatocellular Cancer

A study published by Chen et al. (2014, [59]), investigated the anticancer effects
of sertraline against the HepG2 human hepatocellular cancer cell line and found this
drug is able to decrease cell viability and induce apoptosis in a time and dose-dependent
manner. Mechanistically, they found this drug activates the intrinsic checkpoint protein
caspase-9, inducing the release of cytochrome ¢ from mitochondria to cytosol, in a process
Bcl-2-dependent [59]. The sertraline-induced apoptosis was further investigated by pre-
treating HepG2 cells with caspase-3, caspase-8, and caspase-9 inhibitors, which resulted in
a significant decrease in lactate dehydrogenase release, indicating that sertraline induces
apoptosis by intrinsic and extrinsic pathways [59]. The authors also found sertraline causes
programmed cell death by increasing the expression of tumor necrosis factor (TNF) as well
as the phosphorylation of JNK, ERK1/2, and p38, suggesting its anticancer effect may be
related to the activation of the TNF-MAP4K4-]NK cascade signaling pathway [59].

Another study presented by Kuwahara et al. (2015, [60]) evaluated the cytotoxic effects
of four different SSRIs, including sertraline, and two serotonin and norepinephrine reuptake
inhibitors (SNRIs) against human hepatocellular carcinoma (HepG2) cells. They confirmed
that sertraline is able to significantly decrease the viability of these tumor cells, with an ICs
of 1.24 uM [60]. Furthermore, the exposure to 2 pM sertraline caused a significant increase
in the caspase-3/7 activity, demonstrating that HepG2 cells are sensitive to lower doses of
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sertraline and that the caspase signaling pathway may be involved in the mechanism of
anticancer effects of sertraline [60].

2.5. Leukemia

Evidence on the proapoptotic and antiproliferative effects of SSRIs antidepressants on
malignant lymphocytes has already been reported [61]. A study published by Amitetal. [61]
evaluated the in vitro anticancer effects of different SSRIs in Jurkat T cell lymphoma
leukemia cells, including sertraline. The authors found an ICs( value of 9.5 uM for sertraline
in this cell line, with less than 40% of viable cells in concentrations above 15 uM. Using
AlamarBlue™ viability assay, they also demonstrated that treatment of 48 h with this repur-
posed drug is able to significantly reduce cell viability in a higher degree than vincristine
and cyclophosphamide, two commonly used antineoplastic drugs. Using the [*H] thymi-
dine incorporation assay, they also evaluated the effect of sertraline in cell proliferation and
found that this drug is able to decrease the number of proliferative cells [61]. In relation
to apoptosis, an increase in the expression of caspase-3 and a decrease in the expression
of Bcl-2 were found, with no alterations in the expression of key apoptotic proteins c-Jun
and ERK. The authors also evaluated the effect of combining sertraline with vincristine and
doxorubicin; they found an improvement in the anticancer effect of these chemotherapeutic
drugs, suggesting that sertraline can act as a chemosensitizer in combination therapies [61].

In their work, Xia et al. [62] also demonstrated that sertraline has significant anticancer
activity, not only in NB4, NB4-R1, and NB4-R2 acute myeloid leukemia (AML) cell lines, but
also in the fresh leukemia cells isolated from AML patients. They also demonstrated that
sertraline exerts cell death by two pathways: apoptosis and autophagy [62]. Furthermore,
they demonstrated that autophagy inhibition leads to a reduction in sertraline-induced
apoptosis and cell growth inhibition, indicating that the sertraline-induced autophagy
process could be linked to AML cell apoptosis in some way. On the other hand, the inverse
process of inhibiting apoptosis does not seem to impair sertraline-caused autophagy or cell
growth inhibition [62].

2.6. Brain Cancer

Glioblastoma multiforme is a subtype of brain cancer that has a very aggressive phe-
notype and an extremely low life expectancy. Nordenberg et al. (2010, [63]) investigated
the cytotoxic effects of novel drug combinations using conventional anticancer treatments
(temozolomide or irradiation), imatinib (a targeted agent), and psychotropic drugs, includ-
ing sertraline in human U87 glioblastoma cells. The authors found that sertraline alone is
able to decrease cell content in a dose-dependent manner [63]. The combination of sertraline
with temozolomide demonstrated an additive cytotoxic effect, while the combination of
irradiation plus sertraline resulted in a less than additive effect. Interestingly, the combina-
tion of imatinib plus sertraline resulted in synergistic interactions [63]. Mechanistically, no
changes were seen after single or combined treatments in the expression of phosphorylated
MAPK. Nevertheless, a significant reduction in the expression of pAKT was detected after
treatment of imatinib + sertraline, suggesting that the downregulation of pAKT may be
involved in the synergist anticancer effect between imatinib and sertraline [63].

2.7. Melanoma

Melanoma is a type of cancer with a low response rate to chemotherapy and radiation.
It is believed that the poor response to these therapeutic strategies may be related to the
constitutive expression of Akt, which protects cancer cells from apoptosis. A study from
2008 published by Reddy et al. [64] aimed to evaluate the cytotoxic effects of sertraline
against human melanoma cells and determine its mechanism of action in these cells.
They demonstrated that sertraline can effectively reduce the cell viability of A375 human
melanoma cells in a dose-dependent manner [64]. Moreover, by analyzing the expression
of phosphorylated Akt, caspase 9, and phospho-p70 S6 kinase, the authors found that
sertraline can effectively target Akt and inhibit its phosphorylation, inducing cell death
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through induction of the endoplasmic reticulum. Furthermore, in vivo studies in A375
xenografts demonstrated that sertraline is able to reduce tumor growth, proving that
sertraline can act as an Akt inhibitor in melanoma [64].

Boia-Ferreira et al. (2017, [65]) also described the involvement of TCTP, an antiapop-
totic protein that is overexpressed in several tumor types, including melanoma, in the
cytotoxic activity of sertraline. Based on previous findings that demonstrated that ser-
traline interacts with TCTP and that inhibition of TCTP induces tumor reversion, in a
reciprocal repression loop with P53, the authors studied the role of TCTP in melanoma
using sertraline and siRNA. The authors concluded that treatment of MeWo, A2058, and
B16-F10 melanoma cells with sertraline lead to the inhibition of TCTP causing a decrease
in cell viability, reduction in migration properties, and diminished ability of cells to form
colonies. Moreover, using a murine melanoma model, the authors also found that sertraline
is able to significantly reduce tumor growth and at a higher degree than dacarbazine, an
antineoplastic drug commonly used for the treatment of melanoma, demonstrating that
this drug can effectively be repurposed for the treatment of skin cancer.

2.8. Oral Cancer

The regulation of cytosolic free Ca* levels is important for many pathophysiological
responses in nearly all cell types, including tumor cells. There is evidence that, in some
cases, an abnormal elevation in Ca?* levels can induce apoptosis, protein dysfunction,
proliferation, interference of ion flux, etc. Despite the existence of several studies that relate
sertraline with the levels of Ca?* in different types of cells, like smooth muscle cells and
human platelets, its effect on cytosolic free Ca®* levels in tumor cells, especially human oral
cancer cells, is poorly understood. Based on this evidence, Chien et al. (2011, [66]) aimed
to evaluate the effect of sertraline on the Ca®* levels in human OC2 oral cancer cells. The
authors used fura-2 as a Ca?*-sensitive fluorescent probe and found that, at a concentration
range from 10 to 100 uM, sertraline caused an increase in cytosolic free Ca* levels, in a
concentration-dependent manner [66]. Moreover, the signal decreased upon removal of
extracellular Ca’*, suggesting that both Ca®* entrance and release contribute to the rise
in Ca2* levels. Furthermore, the authors concluded that sertraline induced an increase in
cytosolic free Ca?* levels by causing phospholipase C-independent Ca?* release from the
endoplasmic reticulum and by Ca?* influx via store-operated Ca?* channels [66].

2.9. Ovarian Cancer

The development of drug resistance plays an important role in cancer therapy, being
a major obstacle in the treatment of this disease. Specifically, P-glycoprotein and other
multidrug-resistance-associated-proteins that belong to the ATP Binding Cassettes (ABC)
transporter superfamily have been implicated in the development of drug resistance in
cancer, since they are involved in the process of drug efflux from the cells [67]. Therefore,
blocking these pump proteins seems to be a promising strategy for cancer therapy. Indeed,
some reports have demonstrated that SSRIs can act as multiple drug resistance modulators
and be effective chemosensitizers, both in vitro and in vivo. Therefore, Drinberg et al. [67]
evaluated if sertraline could effectively be used as a multiple drug resistance modulator
in vitro in the human ovarian adenocarcinoma cell lines OVCAR-8 and NCI/ADR-Res
(NAR), a sub-line of OVCAR-8 expressing P-glycoprotein, and in vivo using human ovar-
ian adenocarcinoma NCI-ADR/RES (NAR) xenografts. To do so, the authors combined
sertraline with Doxil® (also known as pegylated liposomal doxorubicin), to find if the com-
bination would enhance the anticancer effect of Doxil® while reducing side effects [67]. It
was found that sertraline is able to modulate efflux pumps in cellular models of multidrug
resistance. Moreover, the in vivo results demonstrated that the combination of sertraline
with Doxil® is efficient in reducing tumor growth and progression as well as extending the
survival of tumor-bearing mice, proving the promising role of sertraline as a multidrug
resistance modulator as well as a chemosensitizer in ovarian cancer [67].
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2.10. Prostate Cancer

The effect of sertraline in the regulation of cytosolic free Ca?* levels was further
evaluated in prostate cancer cells by Huang et al. [68]. The authors aimed to evaluate if
sertraline could alter the basal Ca?* levels in PC-3 human prostate cancer cells. To do so,
they used fura-2 as a Ca?*-sensitive fluorescent probe and found that, at a concentration
range from 10 to 150 uM, sertraline induced an increase in cytosolic free Ca* levels, in a
concentration-dependent manner [68]. They also found that the fluorescent signal decreased
upon removal of extracellular Ca?*, suggesting that both Ca* entry and release contribute
to the rise in CaZ* levels. Moreover, the authors demonstrated that sertraline induced
phospholipase C-dependent release of Ca?* from the endoplasmic reticulum and from
multiple Ca?* influx pathways involving the store-operated Ca* channels. Finally, annexin
V-FITC data showed that sertraline was also able to induce apoptosis in a concentration-
dependent manner, independent of Ca®* rise [68].

TCTP is an important survival factor of stem cells including cancer stem cells. Based on
the findings that sertraline targets TCTP, Chinnapaka et al. aimed to investigate if sertraline
could target prostate cancer stem cells [69]. The authors have demonstrated that sertraline
efficiently inhibits tumorigenesis (assessed by colony growth assay), angiogenesis (evalu-
ated by endothelial tube formation assay) and decreases the metastatic potential (tested
using the wound healing and migration assays) of prostate cancer stem cells. Moreover,
they also found that the cytotoxic effect of sertraline is dependent on oxidative stress, with
sertraline inducing both apoptosis and autophagy, on the generation of free ROS, hydrogen
peroxide formation, lipid peroxidation, and depletion of the levels of glutathione. Sertraline
treatment also caused GO arrest in prostate cancer stem cells [69]. Mechanistically, it was
found that sertraline downregulates the expression levels of aldehyde dehydrogenase 1
and cluster of differentiation 44 (CD44) stem cell markers. Furthermore, sertraline also
decreases the levels of TCTP, phospho TCTP, survivin, and cellular inhibitor of apoptosis
protein 1; on the other side, this drug significantly increases the levels of cleaved caspase 3
and cleaved Poly [ADP-ribose] polymerase 1. It also affects the expression of stem cells,
epithelial-mesenchymal transition, and autophagy markers, suggesting that sertraline can
be successfully repurposed for the treatment of prostate cancer [69].

2.11. Gastric Cancer

Gastric cancer is a disease characterized by an elevated rate of morbidity. Although
chemotherapy is still the main therapy for the treatment of the disease, the efficacy of the
most common chemotherapeutic agents is still suboptimal, mainly due to the development
of drug resistance [70]. Mu et al. investigated if the repurposed drug sertraline could act
as a sensitizer of the drug-resistant gastric cancer cell line (SGC-7901/DDP). The authors
found this drug successfully reduced the proliferation of this cell line, with an ICsq of
18.73 uM [70]. Moreover, they also synthesized 30 sertraline derivatives in an attempt to
improve its cytotoxic activity and found an improved compound with an ICs of 5.2 uM.
Mechanistically, it was found that sertraline and its derivatives induced cell death by
apoptosis and cell cycle arrest, and targeted the PI3K/Akt/mTOR signaling pathway [70].

2.12. Osteosarcoma

The effect of sertraline in the regulation of cytosolic free Ca* levels was also evaluated
in MG63 human osteosarcoma cells by Lin et al. [71]. Here, the authors evaluated whether
sertraline could change basal Ca?* levels in a human osteosarcoma cell line. As previously
described for similar studies, they used fura-2 as a CaZ*-sensitive fluorescent probe. The
results are very similar to the ones described in Sections 2.8 and 2.10. The authors found
that, at concentrations from 50 to 200 puM, sertraline induced an increase in cytosolic
free Ca®* levels, in a concentration-dependent manner [71]. They also found that the
Ca?* signal diminished upon removal of extracellular Ca?*, indicating that both Ca?*
entry and release are involved in the increase of CaZ* levels [71]. Moreover, the authors
demonstrated that sertraline induced phospholipase C-dependent release of Ca?* from the
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endoplasmic reticulum and Ca?* entry by L-type Ca?* channels and store-operated Ca**
channels. Annexin V-FITC data showed that sertraline was also able to induce apoptosis in
a concentration-dependent manner [71]. Treatment of this cell line with sertraline also leads
to an increase in the levels of ROS, suggesting that cell death by apoptosis may involve
mitochondrial pathways [71].

3. Discussion on the Repurposing of Sertraline for Cancer Therapy

The discovery of novel oncological therapies is an urgent research topic due to the
low efficacy rates of the current cancer treatments. Drug repurposing offers the chance
to discover novel therapeutical indications for drugs already existing in the market and
used in clinical practice. This represents an advance over the development of new drugs
as the repurposing process is much faster and requires less economical input, since repur-
posed drugs are already well-characterized, with all data regarding pharmacological and
toxicological risks already available, increasing the chances of proceeding into clinical trials.

Sertraline is an antidepressant drug that belongs to the SSRIs and is mainly used
for the management of major depressive disorder, obsessive—compulsive disorder, panic
disorder, post-traumatic stress disorder, premenstrual dysphoric disorder, and social anx-
iety disorder [72]. Sertraline has primarily inhibitory effects on presynaptic serotonin
reuptake. Serotonin plays an important role in regulating mood, personality, and wake-
fulness [72]. Therefore, blocking serotonin reuptake is beneficial in these types of disor-
ders. Mechanistically, this drug blocks the pre-synaptic serotonin reuptake transporter
SCL6A4, which inhibits the reuptake of serotonin, leading to its accumulation at the synap-
tic cleft [73,74]. The accumulation of serotonin at the synaptic cleft upregulates pre-synaptic
5-HT; 4 auto-receptors, which results in a reduction of serotonin release by the pre-synaptic
neuron [75,76]. Over time, prolonged exposure to elevated SSRIs concentrations leads to
a desensitization of the pre-synaptic auto-receptors, which contributes to increasing the
efficacy of treatment with this class of drugs [77,78]. Since patients with major depressive
disorder have increased 5-HTa autoreceptor density [79,80], chronic treatment with SSRIs
can contribute to desensitization of these receptors and therefore help in the management
of these patients. Sertraline has also minimal effects on norepinephrine and dopamine
uptake [81]. Despite its antidepressant effects, the discovery of sertraline as an inhibitor of
TCTP and the involvement of this protein in tumor reversal has opened the path for novel
studies on the anticancer activity of sertraline.

The aforementioned studies, summarized in Table 1, have investigated the antitumor
effects of the antidepressant sertraline in different types of human cancer cells, and a
vast majority have confirmed this drug has the potential to decrease the viability and
proliferation of cancer cells, at concentrations of micromolar. These concentrations within
the micromolar range are in line with most preclinical studies that evaluate drug cytotoxicity,
and dose extrapolation from animals to humans has shown a therapeutic index of sertraline
that could support future clinical trials. Moreover, these studies have demonstrated that
sertraline induces apoptosis and regulates autophagy, and causes cell cycle arrest and DNA
fragmentation. The regulation of autophagy is not completely understood and consensual,
as some studies indicate sertraline induces autophagy, while others suggest that this drug
inhibits the autophagic flux. It was also found that sertraline targets P-glycoprotein, SERT,
and TCTP. TCTP, specifically, has an important role in the mechanism of action of sertraline
in different types of cancer, such as colon, melanoma, and prostate, and is involved in
the regulation of the expression of the tumor suppressor protein p53 in these types of
cells. Moreover, it was found that sertraline activates different caspases, regulates ROS
generation and Ca?" levels, and decreases cell migration and invasion. In combination
studies, it was found that sertraline can act as a chemosensitizer when combined with
other agents such as tyrosine kinase inhibitors or antineoplastic drugs. This drug possesses
anticancer activity both against sensitive and resistant cancer cell lines, being able to also
inhibit the growth of cancer stem cells.
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Table 1. Summary of the main findings described in this review concerning the anticancer effects of
sertraline. [+] and [-] indicate existence or absence of in vivo studies, respectively.

In Vivo

Condition Cell Lines Results?

Main Findings References

A549, H522,
Lung cancer PC9/R, and
H1975

Sertraline is able to significantly decrease the viability of
different TKI-resistant NSCLC cell lines.

The combined treatment of sertraline with erlotinib
effectively promotes autophagy.

The combined treatment with sertraline and erlotinib affects
the regulation of the AMPK/mTOR signaling pathway.

The combination of sertraline and erlotinib is able to
successfully decrease tumor growth and increase mouse
survival.

Ab49,
HCC-15, and
Calu-3

Sertraline induces TRAIL-mediated apoptosis by
downregulation of AMP-activated protein kinase
phosphorylation, which results in the inhibition of
autophagic flux and upregulation of death receptor 5
expression, which leads to activation of the apoptotic caspase
cascade.

HCT116

Sertraline interferes with the TCTP-P53 feedback loop, by
increasing the expression of P53 and decreasing the
expression of TCTP, promoting P53-dependent apoptosis of
cancer cells.

This drug also affects the self-renewal of cancer stem cells, as
demonstrated by the reduction in the
mammosphere-forming efficiency of primary mammary
tumor cells from ErbB2 transgenic mice.

HT-29 and
151034

Colorectal
cancer

Sertraline was able to significantly reduce cell viability and
proliferation in a dose-dependent manner.

Sertraline treatment in HT-29 cells caused cell cycle arrest at
G0/G1 and induced DNA fragmentation in a
dose-dependent manner.

Sertraline treatment enhanced caspase-3 activation and
increased c-Jun expression, causing a decrease in the
expression of the anti-apoptotic protein Bcl-2, suggesting
that sertraline may induce cell apoptosis through MAPK
cascade activation and Bcl-2 inhibition.

Sertraline is able to significantly inhibit tumor growth after
5 weeks of treatment.

[46]

HT-29

The combination of 5-fluorouracil with sertraline resulted in
enhanced significant toxicity compared to 5-fluorouracil
alone.

[47]

HT-29

Sertraline, both alone and combined with 5-fluorouracil can
induce an epithelial-mesenchymal transition reversal.

[50]

HT-29

The combination of sertraline with honeybee venom
produced better anti-cancer efficacy than each drug alone,
supporting the use of sertraline in adjuvant strategies.

[51]

SW480 and
HCT116

Inhibiting SERT with sertraline promotes the uptake and
catabolism of extracellular tryptophan in colon cancer, both
in vitro and in vivo.

Tryptophan uptake blockage can sensitize colon cancer cells
to SSRIs such as sertraline.

[52]
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Table 1. Cont.

Condition Cell Lines

In Vivo
Results?

Main Findings

References

Breast cancer MCE-7

Sertraline significantly reduces cell viability, proliferation,
and protein synthesis in a concentration-dependent manner.
Sertraline reduces polysome content and increases 80S
ribosomes.

Sertraline-induced inhibition in translation is related to a
decrease in the eukaryotic initiation factor (eIF) 4F complex
levels, altered localization of eIF4E, and increased elF2
phosphorylation that leads to an increase in REDD1
expression, affecting the mTOR pathway.

Sertraline increases chemosensitivity to doxorubicin in a
murine lymphoma model.

[54]

MCEF-7

Sertraline is cytotoxic against this cell line with an ICs5j of
16 uM.

Sertraline induced apoptosis in these cells,
phosphatidylserine externalization, and PARP cleavage.

[55]

BTIC

Sertraline affects breast tumor-initiating cells activity in a
dose-dependent manner, by reducing the frequency of
sphere-forming cells.

Exposure of breast tumor cells ex vivo to sertraline induces a
reduction in breast tumor-initiating cells frequency, decreases
the growth rate of tumor allografts, and reduces their
volume in a dose-dependent manner.

The combination of sertraline with docetaxel induces a
reduction in tumor cell proliferation and causes cell death in
mammary tumor allografts, in a synergistic way.

[56,57]

MDA-MB-
231,
MDA-MB-
468, MCE-7
and HCC70

Sertraline inhibits the serine/glycine synthesis enzyme
serine hydroxymethyltransferase.

In combination with artemether, sertraline displayed an
enhanced antiproliferative effect, caused by G1-S cell cycle
arrest.

This combination resulted in serine-selective antitumor
activity in breast cancer mouse xenografts.

[58]

MCEF-7

Sertraline alone demonstrated the ability to significantly
reduce cell viability, causing more than 70% of cell death,
and with an ICsp of 2.22 uM.

When combined with paclitaxel, sertraline was not able to
significantly increase the cytotoxic effect of the antineoplastic
drug.

The combination of sertraline with doxorubicin
demonstrated that the use of sertraline as an adjuvant agent
is not advantageous.

[47,50]

MCEF-7

Sertraline significantly inhibits the growth of these cells, at
concentrations above 10 uM.

The combination of sertraline and honeybee venom
demonstrated more significant anticancer efficacy than both
drugs alone, with more than 50% cell death.

[51]




Biomolecules 2022, 12, 1513 16 of 23

Table 1. Cont.

Condition Cell Lines In Vivo Main Findings References
Results?

e  Sertraline is able to decrease cell viability and induce
apoptosis in a time and dose-dependent manner.
e  Sertraline activates the intrinsic checkpoint protein caspase-9,
inducing the release of cytochrome c from mitochondria to
Hepatocellular cytosol, in a process Bcl-2-dependent.
HepG2 - e  Sertraline induces apoptosis by intrinsic and extrinsic [59]
pathways.
e  Sertraline causes programmed cell death by increasing the
expression of tumor necrosis factor (TNF) as well as the
phosphorylation of JNK, ERK1/2, and p38.

cancer

e  Sertraline was able to significantly decrease the viability of
these tumor cells, with an ICsg of 1.24 uM.
HepG2 - e  The exposure to 2 uM sertraline caused a significant increase [60]
in the caspase-3/7 activity.

e The IC5q value of 9.5 uM for sertraline, with less than 40% of
viable cells in concentrations above 15 M.
e  Sertraline significantly reduces cell viability to a higher
degree than vincristine and cyclophosphamide.
Sertraline is able to decrease the number of proliferative cells.
Leukemia Jurkat T cell - e  Sertraline increases the expression of caspase-3 and [61]
decreases the expression of Bcl-2.
e  The combination of sertraline with vincristine and
doxorubicin resulted in improvements in the anticancer
effects.

Sertraline has significant anticancer activity.

NB4, NB4-R1 e  Sertraline exerts cell death by apoptosis and autophagy.

and NB4-R2 + e  Autophagy inhibition leads to a reduction in [62]
sertraline-induced apoptosis and cell growth inhibition.

e  Sertraline alone is able to decrease cell content in a
dose-dependent manner.

e  The combination of imatinib plus sertraline resulted in
synergistic interactions.

Brain cancer us7 - e  Asignificant reduction in the expression of pAKT was [63]

detected after treatment of imatinib + sertraline, suggesting
that the downregulation of pAKT may be involved in the
synergist anticancer effect between imatinib and sertraline.

e  Sertraline can effectively reduce cell viability in a
dose-dependent manner.
e  Sertraline can effectively target Akt and inhibit its
Melanoma A375 + phosphorylation, inducing cell death through the induction [64]
of the endoplasmic reticulum.
e Invivo studies in A375 xenografts demonstrated that
sertraline is able to reduce tumor growth.

. Treatment with sertraline leads to the inhibition of TCTP
causing a decrease in cell viability, reduced migration
MeWo, A2058, 4 properties, and a diminished ability of cells to form colonies. [65]
and B16-F10 e  Sertraline was able to significantly reduce tumor growth to a
higher degree than dacarbazine.
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Table 1. Cont.

Condition Cell Lines In Vivo Main Findings References
Results?

. Sertraline causes an increase in cytosolic free Ca?* levels, in a
concentration-dependent manner.

° Sertraline induces an increase in cytosolic free Ca?* levels by
causing phospholipase C-independent Ca?* release from the
endoplasmic reticulum and by Ca* influx via store-operated
Ca?* channels.

Oral cancer OC2 - [66]

e  Sertraline is able to modulate efflux pumps in cellular
OVCAR-8 and models of multidrug resistance.
Ovarian NCI/ADR- ° In vivo results demonstrated that the combination of
cancer Res sertraline with Doxil® is efficient in reducing tumor growth
(NAR) and progression as well as extending the survival of
tumor-bearing mice.

[67]

e Sertraline induces an increase in cytosolic free Ca?* levels, in
a concentration-dependent manner.
e  Sertraline induces phospholipase C-dependent release of
Prostate Ca?* from the endoplasmic reticulum and from multiple
PC3 B Ca?* influx pathways involving the store-operated Ca* [68]
channels.
e  Sertraline was also able to induce apoptosis in a
concentration-dependent manner, independent of Ca®* rise.

cancer

. Sertraline efficiently inhibits tumorigenesis, angiogenesis
and decreases the metastatic potential of prostate cancer
stem cells.

e  Sertraline induces both apoptosis and autophagy by the
generation of free ROS, hydrogen peroxide formation, lipid
peroxidation, and depletion of the levels of glutathione.
Sertraline causes GO arrest in prostate cancer stem cells.
Sertraline downregulates the expression levels of aldehyde

PCSC - dehydrogenase 1 and cluster of differentiation 44 (CD44) [69]
stem cell markers.

° Sertraline decreases the levels of TCTP, phospho TCTP,
survivin, and cellular inhibitor of apoptosis protein 1; on the
other side, this drug significantly increases the levels of
cleaved caspase 3 and cleaved Poly [ADP-ribose] polymerase
1.

. Sertraline affects the expression of stem cells,
epithelial-mesenchymal transition, and autophagy markers.

Sertraline reduces the proliferation of this cell line.

Gastric SGC- e  Sertraline and its derivatives induced cell death by apoptosis
cancer 7901 /DDP - and cell cycle arrest and targeted the PI3K/Akt/mTOR [70]
signaling pathway.

. Sertraline increases cytosolic free Ca?* levels, in a
concentration-dependent manner.

e  Sertraline induces phospholipase C-dependent release of
Ca”* from the endoplasmic reticulum and Ca?* entry by
L-type Ca?* channels and store-operated Ca®* channels.

e  Sertraline induces apoptosis in a concentration-dependent
manner.

e  Treatment with sertraline also leads to an increase in the
levels of ROS, suggesting that cell death by apoptosis may
involve the mitochondrial pathway.

Osteosarcoma MG63 - [71]
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Mechanistically, it was found that sertraline can target several important signaling
pathways, such as the TNF-MAP4K4-]JNK, a pathway implicated in inflammatory and
metabolic disorders and cancer progression, the PI3K/Akt/mTOR, involved in the regula-
tion of cell growth, survival and metabolism, and the AMPK/mTOR, involved in protein
synthesis and cell growth regulation. We hypothesize that sertraline may induce ROS
production in cancer cells, which in turn alters the mitochondrial potential and induces
DNA damage. This can lead to cell cycle arrest and fragmentation of damaged DNA, which
causes cell death by apoptosis and an increase in Bax and caspases. Taken together, the
previously mentioned studies support further in vivo studies and clinical trials.

Although the in vivo results described in this review suggest that sertraline decreases
tumor growth and increases mouse survival, there is some controversy around the anti-
cancer effects of sertraline, with some studies associating this drug with cancer-preventing
effects, while others reported the opposite. Recently, Busby et al. [82] applied a novel
combined connectivity mapping and pharmacoepidemiological strategy to identify drugs
that affect breast cancer risk and found that sertraline was among cancer-preventing medi-
cations. In another population-based case—control study, Chan et al. [83] investigated the
association between SSRIs use, including sertraline, and hepatocellular carcinoma risk.
The authors found that sertraline use was associated with lower hepatocellular carcinoma
risk [83]. On the other side, Christensen et al. [84] studied the effect of SSRIs, including
sertraline, on survival and progression in ovarian cancer patients. They found that mice
injected with sertraline have doubled mean tumor weight accompanied by an increase
in the expression of the Ki67 marker, hypothesizing that sertraline treatment can alter
serotonin levels in the tumor microenvironment, leading to the activation of proliferation
pathways [84]. Nevertheless, in another study published by Morch et al. [85], in a nested
case—control study of population-based registry data, the authors concluded that the use
of SSRIs, including sertraline, was associated with a decreased risk of epithelial ovarian
cancer, thereby suggesting a potential chemopreventive effect of this agent.

Nevertheless, and although most studies suggest the potential of sertraline for drug
repurposing, the clinical use of sertraline in cancer therapy must take into account the
side effects already described for its original indication. The most common side effects
include nausea, diarrhea, constipation, vomiting, difficulty falling asleep or staying asleep,
dry mouth, heartburn, loss of appetite, weight changes, dizziness, excessive tiredness,
headache, nervousness, uncontrollable shaking of a part of the body, sexual problems
and excessive sweating [86]. Therefore, the use of sertraline appears to cause side effects
similar to other commonly used medications and seems to be compatible with clinical
use. Nevertheless, taking sertraline long-term has been linked to an elevated risk of
diabetes [87]. Care must also be taken regarding drug—drug interactions: sertraline interacts
with monoamine oxidase inhibitors including isocarboxazid, linezolid, methylene blue,
phenelzine, selegiline, tranylcypromine, and pimozide. It cannot be co-administered with
disulfiram, and attention must be given to the administration of sertraline with other
prescription and nonprescription medications, vitamins, nutritional supplements, and
herbal products [88]. Therefore, clinicians should be cautious when prescribing this drug,
with special attention to the development of side effects and drug—drug interactions that
can occur upon treatment with sertraline. The risks and benefits of prescribing sertraline
for cancer treatment should, therefore, be weighed against possible side effects guiding
use. Furthermore, it is also important to develop novel strategies, such as nanoparticle
formulations, that avoid the passage of sertraline over the blood-brain barrier while
increasing its permeation into the tumors.

To date, two clinical trials concerning the repurposing of sertraline for cancer therapy
are described in ClinicalTrials.gov: one proof-of-concept clinical trial assessing the safety
of the coordinated undermining of survival paths by nine repurposed drugs, including
sertraline, combined with metronomic temozolomide for recurrent glioblastoma, already
completed (NCT02770378, [89]), and another aimed to determine the feasibility, safety,
and toxicity of administering sertraline in combination with timed sequential cytosine
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arabinoside in adults with relapsed and refractory AML, without published results to date
(NCT02891278, [90]).

4. Conclusions

In this review, we have provided solid evidence on the cytotoxic effect of sertraline
against several types of cancer, supported by in vitro and in vivo results. Here, it was
demonstrated that sertraline targets the P-glycoprotein, the TCTP protein as well as the
TNF-MAP4K4-]NK, PI3K/Akt/mTOR, and AMPK/mTOR signaling pathways. This drug
interferes with cell cycle regulation, affects DNA fragmentation, induces apoptosis, reg-
ulates autophagy, and causes a decrease in cancer cell viability, proliferation, migration,
and invasion. Results in animal models suggest sertraline is a potent inhibitor of tumor
growth, with the ability to decrease the metastasizing of cancer cells, demonstrating the
anticancer potential of this antidepressant. Nevertheless, further research must be per-
formed to develop novel formulations of sertraline to avoid the passage of this drug over
the blood-brain barrier and concentrate the drug in tumor sites, as well as to decrease
its side effects and drug-drug interactions. The potential of sertraline as an anticancer
compound is further demonstrated by the ongoing clinical trials.

Author Contributions: Conceptualization, D.D. and N.V.; methodology D.D.; formal analysis, D.D.
and N.V,; investigation, D.D.; writing—original draft preparation, D.D.; writing—review and editing,
N.V,; supervision, N.V.; project administration, N.V.; funding acquisition, N.V. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was financed by FEDER—Fundo Europeu de Desenvolvimento Regional through
the COMPETE 2020—Operational Programme for Competitiveness and Internationalization (POCI),
Portugal 2020, and by Portuguese funds through FCT—Fundagao para a Ciéncia e a Tecnologia, in a
framework of the projects in CINTESIS, R&D Unit (reference UIDB/4255/2020) and within the scope
of the project “RISE-LA /P /0053/2020. This work was also financed from FCT and FEDER (European
Union), award number IF/00092/2014/CP1255/CT0004 and CHAIR in Onco-Innovation at FMUP.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: D.D. acknowledges FCT for funding her PhD grant (SFRH/BD/140734/2018).
N.V. thanks support from FCT and FEDER (European Union), award number IF /00092 /2014 /CP1255/
CT0004 and CHAIR in Onco-Innovation from FMUP.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2022. CA Cancer ]. Clin. 2022, 72, 7-33. [CrossRef] [PubMed]

2. Yabroff, K.R,; Wu, X.-C.; Negoita, S.; Stevens, J.; Coyle, L.; Zhao, J.; Mumphrey, B.J.; Jemal, A.; Ward, K.C. Association of the
COVID-19 Pandemic With Patterns of Statewide Cancer Services. J. Natl. Cancer Inst. 2022, 114, 907-909. [CrossRef] [PubMed]

3. Antoszczak, M.; Markowska, A.; Markowska, J.; Huczyniski, A. Old Wine in New Bottles: Drug Repurposing in Oncology. Eur. J.
Pharmacol. 2020, 866, 172784. [CrossRef] [PubMed]

4.  Prasad, V.; Mailankody, S. Research and Development Spending to Bring a Single Cancer Drug to Market and Revenues After
Approval. JAMA Intern. Med. 2017, 177, 1569-1575. [CrossRef]

5. Mullard, A. 2015 FDA Drug Approvals. Nat. Rev. Drug Discov. 2016, 15, 73-76. [CrossRef]

6. Jourdan, J.P; Bureau, R.; Rochais, C.; Dallemagne, P. Drug Repositioning: A Brief Overview. ]. Pharm. Pharmacol. 2020, 72,
1145-1151. [CrossRef]

7.  Pantziarka, P.; Bouche, G.; Meheus, L.; Sukhatme, V.; Sukhatme, V.P.; Vikas, P. The Repurposing Drugs in Oncology (ReDO)
Project. Ecancermedicalscience 2014, 8, 442. [CrossRef]

8. Verbaanderd, C.; Meheus, L.; Huys, I.; Pantziarka, P. Repurposing Drugs in Oncology: Next Steps. Trends Cancer 2017, 3, 543-546.
[CrossRef]

9. Issa, N.T.; Kruger, J.; Byers, S.W.; Dakshanamurthy, S. Drug Repurposing a Reality: From Computers to the Clinic. Expert Rev.
Clin. Pharmacol. 2014, 6, 95-97. [CrossRef]

10. Franks, M.E.; Macpherson, G.R.; Figg, W.D. Thalidomide. Lancet 2004, 363, 1802-1811. [CrossRef]


http://doi.org/10.3322/caac.21708
http://www.ncbi.nlm.nih.gov/pubmed/35020204
http://doi.org/10.1093/jnci/djab122
http://www.ncbi.nlm.nih.gov/pubmed/34181001
http://doi.org/10.1016/j.ejphar.2019.172784
http://www.ncbi.nlm.nih.gov/pubmed/31730760
http://doi.org/10.1001/jamainternmed.2017.3601
http://doi.org/10.1038/nrd.2016.15
http://doi.org/10.1111/jphp.13273
http://doi.org/10.3332/ecancer.2014.485
http://doi.org/10.1016/j.trecan.2017.06.007
http://doi.org/10.1586/ecp.12.79
http://doi.org/10.1016/S0140-6736(04)16308-3

Biomolecules 2022, 12, 1513 20 of 23

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

Morales, D.R.; Morris, A.D. Metformin in Cancer Treatment and Prevention. Annu. Rev. Med. 2015, 66, 17-29. [CrossRef]
[PubMed]

Caly, L.; Druce, ].D.; Catton, M.G.; Jans, D.A.; Wagstaff, KM. The FDA-Approved Drug Ivermectin Inhibits the Replication of
SARS-CoV-2 in Vitro. Antivir. Res. 2020, 178, 104787. [CrossRef] [PubMed]

Gao, J,; Tian, Z.; Yang, X. Breakthrough: Chloroquine Phosphate Has Shown Apparent Efficacy in Treatment of COVID-19
Associated Pneumonia in Clinical Studies. Biosci. Trends 2020, 14, 72-73. [CrossRef] [PubMed]

Touret, F.; de Lamballerie, X. Of Chloroquine and COVID-19. Antivir. Res. 2020, 177, 104762. [CrossRef]

Colson, P; Rolain, ].M.; Lagier, ].C.; Brouqui, P.; Raoult, D. Chloroquine and Hydroxychloroquine as Available Weapons to Fight
COVID-19. Int. ]. Antimicrob. Agents 2020, 55, 105932. [CrossRef]

Li, M.; Fitzgerald, P.; Rodin, G. Evidence-Based Treatment of Depression in Patients with Cancer. J. Clin. Oncol. 2012, 30,
1187-1196. [CrossRef]

Rodin, G.; Katz, M.; Lloyd, N.; Green, E.; Mackay, J.A.; Wong, R.K.S. Treatment of Depression in Cancer Patients. Curr. Oncol.
2007, 14, 180-188. [CrossRef]

Grassi, L.; Nanni, M.G.; Rodin, G.; Li, M.; Caruso, R. The Use of Antidepressants in Oncology: A Review and Practical Tips for
Oncologists. Ann. Oncol. 2018, 29, 101-111. [CrossRef]

Roney, M.S.I; Park, S.-K. Antipsychotic Dopamine Receptor Antagonists, Cancer, and Cancer Stem Cells. Arch. Pharm. Res. 2018,
41, 384-408. [CrossRef]

Fond, G.; Macgregor, A.; Attal, J.; Larue, A.; Brittner, M.; Ducasse, D.; Capdevielle, D. Antipsychotic Drugs: Pro-Cancer or
Anti-Cancer? A Systematic Review. Med. Hypotheses 2012, 79, 38-42. [CrossRef]

Zong, D.; Zielinska-Chomej, K.; Juntti, T.; Mork, B.; Lewensohn, R.; Haag, P.; Viktorsson, K. Harnessing the Lysosome-Dependent
Antitumor Activity of Phenothiazines in Human Small Cell Lung Cancer. Cell Death Dis. 2014, 5, e1111. [CrossRef]

Munson, ].M.; Fried, L.; Rowson, S.A.; Bonner, M.Y.; Karumbaiah, L.; Diaz, B.; Courtneidge, S.A.; Knaus, U.G.; Brat, D.].; Arbiser,
J.L.; et al. Anti-Invasive Adjuvant Therapy with Imipramine Blue Enhances Chemotherapeutic Efficacy Against Glioma. Sci.
Transl. Med. 2012, 4, 127ra36. [CrossRef]

Abdelaleem, M.; Ezzat, H.; Osama, M.; Megahed, A.; Alaa, W.; Gaber, A.; Shafei, A.; Refaat, A. Prospects for Repurposing CNS
Drugs for Cancer Treatment. Oncol. Rev. 2019, 13, 37-42. [CrossRef]

Costa, P.; McCrae, R.; Cloninger, C.; Svrakic, D.; Sadock, B.; Sadock, V.; Adams, R.; Cultbertson, J. Kaplan and Sadock’s Comprehensive
Textbook of Psychiatry; Wolters Kluwer: Alphen aan den Rijn, The Netherlands, 2000; Volume 1.

Antoszczak, M.; Markowska, A.; Markowska, J.; Huczynski, A. Antidepressants and Antipsychotic Agents as Repurposable
Oncological Drug Candidates. Curr. Med. Chem. 2021, 28, 2137-2174. [CrossRef]

Booth, R.; Kim, H. Permeability Analysis of Neuroactive Drugs through a Dynamic Microfluidic in Vitro Blood-Brain Barrier
Model. Ann. Biomed. Eng. 2014, 42, 2379-2391. [CrossRef]

Wang, ].S.; Zhu, H.J.; Gibson, B.B.; Markowitz, ].S.; Donovan, ].L.; DeVane, C.L. Sertraline and Its Metabolite Desmethylsertraline,
but Not Bupropion or Its Three Major Metabolites, Have High Affinity for P-Glycoprotein. Biol. Pharm. Bull. 2008, 31, 231-234.
[CrossRef]

Huddart, R.; Hicks, ].K.; Ramsey, L.B.; Strawn, J.R.; Smith, D.M.; Bobonis Babilonia, M.; Altman, R.B.; Klein, T.E. PharmGKB
Summary: Sertraline Pathway, Pharmacokinetics. Pharmacogenet. Genom. 2020, 30, 26-33. [CrossRef]

Chiles, C. Handbook of Psychiatric Drug Therapy, 5th Ed. J. Clin. Psychiatry 2007, 68, 339. [CrossRef]

Abdul, M.; Logothetis, C.J.; Hoosein, N.M. Growth-Inhibitory Effects of Serotonin Uptake Inhibitors on Human Prostate
Carcinoma Cell Lines. J. Urol. 1995, 154, 247-250. [CrossRef]

gpanové, A.; Kovart, H; Lisa, V.; Lukasova, E.; Rittich, B. Estimation of Apoptosis in C6 Glioma Cells Treated with Antidepres-
sants. Physiol. Res. 1997, 46, 161-164.

Levkovitz, Y.; Gil-Ad, I; Zeldich, E.; Dayag, M.; Weizman, A. Differential Induction of Apoptosis by Antidepressants in Glioma
and Neuroblastoma Cell Lines: Evidence for p-c-Jun, Cytochrome ¢, and Caspase-3 Involvement. J. Mol. Neurosci. 2005, 27,
029-042. [CrossRef]

Koch, ].M.; Kell, S.; Aldenhoff, ].B. Differential Effects of Fluoxetine and Imipramine on the Phosphorylation of the Transcription
Factor CREB and Cell-Viability. |. Psychiatr. Res. 2003, 37, 53-59. [CrossRef]

Schuster, C.; Fernbach, N.; Rix, U.; Superti-Furga, G.; Holy, M.; Freissmuth, M.; Sitte, H.H.; Sexl, V. Selective Serotonin Reuptake
Inhibitors-A New Modality for the Treatment of Lymphoma/Leukaemia? Biochem. Pharmacol. 2007, 74, 1424-1435. [CrossRef]
Peer, D.; Dekel, Y.; Melikhov, D.; Margalit, R. Fluoxetine Inhibits Multidrug Resistance Extrusion Pumps and Enhances Responses
to Chemotherapy in Syngeneic and in Human Xenograft Mouse Tumor Models. Cancer Res. 2004, 64, 7562-7569. [CrossRef]
Telerman, A.; Tuynder, M.; Dupressoir, T.; Robaye, B.; Sigaux, F,; Shaulian, E.; Oren, M.; Rommelaere, J.; Amson, R. A Model for
Tumor Suppression Using H-1 Parvovirus. Proc. Natl. Acad. Sci. USA 1993, 90, 8702-8706. [CrossRef]

Tuynder, M.; Fiucci, G.; Prieur, S.; Lespagnol, A.; Géant, A.; Beaucourt, S.; Duflaut, D.; Besse, S.; Susini, L.; Cavarelli, J.; et al.
Translationally Controlled Tumor Protein Is a Target of Tumor Reversion. Proc. Natl. Acad. Sci. USA 2004, 101, 15364-15369.
[CrossRef]

Nautiyal, K.; Li, R.; Yellapragada, S.; Thiagarajan, P.; Mims, M.; Rivero, G. Progressive Transfusion and Growth Factor Indepen-
dence with Adjuvant Sertraline in Low Risk Myelodysplastic Syndrome Treated with an Erythropoiesis Stimulating Agent and
Granulocyte-Colony Stimulating Factor. Leuk. Res. Rep. 2015, 4, 1-3. [CrossRef]


http://doi.org/10.1146/annurev-med-062613-093128
http://www.ncbi.nlm.nih.gov/pubmed/25386929
http://doi.org/10.1016/j.antiviral.2020.104787
http://www.ncbi.nlm.nih.gov/pubmed/32251768
http://doi.org/10.5582/bst.2020.01047
http://www.ncbi.nlm.nih.gov/pubmed/32074550
http://doi.org/10.1016/j.antiviral.2020.104762
http://doi.org/10.1016/j.ijantimicag.2020.105932
http://doi.org/10.1200/JCO.2011.39.7372
http://doi.org/10.3747/co.2007.146
http://doi.org/10.1093/annonc/mdx526
http://doi.org/10.1007/s12272-018-1017-3
http://doi.org/10.1016/j.mehy.2012.03.026
http://doi.org/10.1038/cddis.2014.56
http://doi.org/10.1126/scitranslmed.3003016
http://doi.org/10.4081/oncol.2019.411
http://doi.org/10.2174/0929867327666200907141452
http://doi.org/10.1007/s10439-014-1086-5
http://doi.org/10.1248/bpb.31.231
http://doi.org/10.1097/FPC.0000000000000392
http://doi.org/10.4088/JCP.v68n0222a
http://doi.org/10.1016/S0022-5347(01)67288-4
http://doi.org/10.1385/JMN:27:1:029
http://doi.org/10.1016/S0022-3956(02)00061-4
http://doi.org/10.1016/j.bcp.2007.07.017
http://doi.org/10.1158/0008-5472.CAN-03-4046
http://doi.org/10.1073/pnas.90.18.8702
http://doi.org/10.1073/pnas.0406776101
http://doi.org/10.1016/j.lrr.2014.11.001

Biomolecules 2022, 12, 1513 21 of 23

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Salacz, M.; Halatsch, M.; Neuro-oncology, G.K.-M.; Kast, R. RARE-09. Minimally Toxic Multimodal and Polypharmacological
Therapy In Treatment of Diffuse Midline Glioma. Neuro-oncology 2017, 19, vi213. [CrossRef]

Jiang, X.; Lu, W.; Shen, X.; Wang, Q.; Lv, J.; Liu, M.; Cheng, F; Zhao, Z.; Pang, X. Repurposing Sertraline Sensitizes Non-Small Cell
Lung Cancer Cells to Erlotinib by Inducing Autophagy. JCI Insight 2018, 3, €98921. [CrossRef]

Zinnah, KM.A ; Seol, J.-W.; Park, S.-Y. Inhibition of Autophagy Flux by Sertraline Attenuates TRAIL Resistance in Lung Cancer
via Death Receptor 5 Upregulation. Int. . Mol. Med. 2020, 46, 795-805. [CrossRef]

Amson, R.; Karp, J.E.; Telerman, A. Lessons from Tumor Reversion for Cancer Treatment. Curr. Opin. Oncol. 2013, 25, 59-65.
[CrossRef] [PubMed]

Amson, R.; Pece, S.; Lespagnol, A.; Vyas, R.; Mazzarol, G.; Tosoni, D.; Colaluca, I.; Viale, G.; Rodrigues-Ferreira, S.; Wynendaele,
J.; et al. Reciprocal Repression between P53 and TCTP. Nat. Med. 2011, 18, 91-99. [CrossRef] [PubMed]

MacDonald, S.M.; Rafnar, T.; Langdon, J.; Lichtenstein, L.M. Molecular Identification of an IgE-Dependent Histamine-Releasing
Factor. Science 1995, 269, 688—690. [CrossRef] [PubMed]

Telerman, A.; Amson, R. Introduction: How We Encountered TCTP and Our Purpose in Studying It. Results Probl. Cell Differ.
2017, 64, 1-8. [CrossRef]

Gil-Ad, I.; Zolokov, A.; Lomnitski, L.; Taler, M.; Bar, M.; Luria, D.; Ram, E.; Weizman, A. Evaluation of the Potential Anti-Cancer
Activity of the Antidepressant Sertraline in Human Colon Cancer Cell Lines and in Colorectal Cancer-Xenografted Mice. Int. |.
Oncol. 2008, 33, 277-286. [CrossRef]

Duarte, D.; Cardoso, A.; Vale, N. Synergistic Growth Inhibition of HT-29 Colon and MCF-7 Breast Cancer Cells with Simultaneous
and Sequential Combinations of Antineoplastics and CNS Drugs. Int. J. Mol. Sci. 2021, 22, 7408. [CrossRef]

Chou, T.-C.T.C. Theoretical Basis, Experimental Design, and Computerized Simulation of Synergism and Antagonism in Drug
Combination Studies. Pharmacol. Rev. 2006, 58, 621-681. [CrossRef]

Chou, T.C. Drug Combination Studies and Their Synergy Quantification Using the Chou-Talalay Method. Cancer Res. 2010, 70,
440-446. [CrossRef]

Duarte, D.; Réma, A.; Amorim, I.; Vale, N. Drug Combinations: A New Strategy to Extend Drug Repurposing and Epithelial-
Mesenchymal Transition in Breast and Colon Cancer Cells. Biomolecules 2022, 12, 190. [CrossRef]

Duarte, D.; Falcao, S.I.; El1 Mehdi, I.; Vilas-Boas, M.; Vale, N.; E1 Mehdj, I.; Vilas-Boas, M.; Vale, N. Honeybee Venom Synergistically
Enhances the Cytotoxic Effect of CNS Drugs in HT-29 Colon and MCF-7 Breast Cancer Cell Lines. Pharmaceutics 2022, 14, 511.
[CrossRef]

Ye, D.; Xu, H.; Xia, H.; Zhang, C.; Tang, Q.; Bi, F. Targeting SERT Promotes Tryptophan Metabolism: Mechanisms and Implications
in Colon Cancer Treatment. J. Exp. Clin. Cancer Res. 2021, 40, 173. [CrossRef]

Juurlink, D. Revisiting the Drug Interaction between Tamoxifen and SSRI Antidepressants. BMJ 2016, 354, i5309. [CrossRef]
Lin, C.-J.; Robert, F; Sukarieh, R.; Michnick, S.; Pelletier, J. The Antidepressant Sertraline Inhibits Translation Initiation by
Curtailing Mammalian Target of Rapamycin Signaling. Cancer Res. 2010, 70, 3199-3208. [CrossRef]

Bavadekar, S.; Panchal, P.; Hanbashi, A.; Vansal, S. Cytotoxic Effects of Selective Serotonin- and Serotonin-Norepinephrine
Reuptake Inhibitors on Human Metastatic Breast Cancer Cell Line, MCF-7 (842.3). FASEB J. 2014, 28, 842.3. [CrossRef]
Gwynne, W.D.; Hallett, R.M.; Girgis-Gabardo, A.; Bojovic, B.; Dvorkin-Gheva, A.; Aarts, C.; Dias, K.; Bane, A.; Hassell, J.A.
Serotonergic System Antagonists Target Breast Tumor Initiating Cells and Synergize with Chemotherapy to Shrink Human Breast
Tumor Xenografts. Oncotarget 2017, 8, 32101-32116. [CrossRef]

Hallett, R.M.; Girgis-Gabardo, A.; Gwynne, W.D.; Giacomelli, A.O.; Bisson, ].N.P; Jensen, J.E.; Dvorkin-Gheva, A.; Hassell, J.A.
Serotonin Transporter Antagonists Target Tumor-Initiating Cells in a Transgenic Mouse Model of Breast Cancer. Oncotarget 2016,
7,53137-53152. [CrossRef]

Geeraerts, S.L.; Kampen, K.R.; Rinaldi, G.; Gupta, P; Planque, M.; Louros, N.; Heylen, E.; de Cremer, K.; de Brucker, K.; Vereecke,
S.; et al. Repurposing the Antidepressant Sertraline as SHMT Inhibitor to Suppress Serine/Glycine Synthesis—Addicted Breast
Tumor Growth. Mol. Cancer Ther. 2021, 20, 50-63. [CrossRef]

Chen, S.; Xuan, J.; Wan, L.; Lin, H.; Couch, L.; Mei, N.; Dobrovolsky, V.N.; Guo, L. Sertraline, an Antidepressant, Induces
Apoptosis in Hepatic Cells Through the Mitogen-Activated Protein Kinase Pathway. Toxicol. Sci. 2014, 137, 404—415. [CrossRef]
Kuwahara, J.; Yamada, T.; Egashira, N.; Ueda, M.; Zukeyama, N.; Ushio, S.; Masuda, S. Comparison of the Anti-Tumor Effects of
Selective Serotonin Reuptake Inhibitors as Well as Serotonin and Norepinephrine Reuptake Inhibitors in Human Hepatocellular
Carcinoma Cells. Biol. Pharm. Bull. 2015, 38, 1410-1414. [CrossRef]

Amit, B.H.; Gil-Ad, L; Taler, M.; Bar, M.; Zolokov, A.; Weizman, A. Proapoptotic and Chemosensitizing Effects of Selective
Serotonin Reuptake Inhibitors on T Cell Lymphoma/Leukemia (Jurkat) in Vitro. Eur. Neuropsychopharmacol. ]. Eur. Coll.
Neuropsychopharmacol. 2009, 19, 726-734. [CrossRef]

Xia, D.; Zhang, Y.-T.; Xu, G.-P,; Yan, W.-W,; Pan, X.-R.; Tong, J.-H. Sertraline Exerts Its Antitumor Functions through Both
Apoptosis and Autophagy Pathways in Acute Myeloid Leukemia Cells. Leuk. Lymphoma 2017, 58, 2208-2217. [CrossRef]
[PubMed]

Tzadok, S.; Beery, E.; Israeli, M.; Uziel, O.; Lahav, M.; Fenig, E.; Gil-Ad, I.; Weizman, A.; Nordenberg, J. In Vitro Novel
Combinations of Psychotropics and Anti-Cancer Modalities in U87 Human Glioblastoma Cells. Int. J. Oncol. 2010, 37, 1043-1051.
[CrossRef] [PubMed]


http://doi.org/10.1093/neuonc/nox168.862
http://doi.org/10.1172/jci.insight.98921
http://doi.org/10.3892/ijmm.2020.4635
http://doi.org/10.1097/CCO.0b013e32835b7d21
http://www.ncbi.nlm.nih.gov/pubmed/23165143
http://doi.org/10.1038/nm.2546
http://www.ncbi.nlm.nih.gov/pubmed/22157679
http://doi.org/10.1126/science.7542803
http://www.ncbi.nlm.nih.gov/pubmed/7542803
http://doi.org/10.1007/978-3-319-67591-6_1
http://doi.org/10.3892/ijo_00000007
http://doi.org/10.3390/ijms22147408
http://doi.org/10.1124/pr.58.3.10
http://doi.org/10.1158/0008-5472.CAN-09-1947
http://doi.org/10.3390/biom12020190
http://doi.org/10.3390/pharmaceutics14030511
http://doi.org/10.1186/s13046-021-01971-1
http://doi.org/10.1136/bmj.i5309
http://doi.org/10.1158/0008-5472.CAN-09-4072
http://doi.org/10.1096/fasebj.28.1_supplement.842.3
http://doi.org/10.18632/oncotarget.16646
http://doi.org/10.18632/oncotarget.10614
http://doi.org/10.1158/1535-7163.MCT-20-0480
http://doi.org/10.1093/toxsci/kft254
http://doi.org/10.1248/bpb.b15-00128
http://doi.org/10.1016/j.euroneuro.2009.06.003
http://doi.org/10.1080/10428194.2017.1287358
http://www.ncbi.nlm.nih.gov/pubmed/28278721
http://doi.org/10.3892/ijo_00000756
http://www.ncbi.nlm.nih.gov/pubmed/20811727

Biomolecules 2022, 12, 1513 22 of 23

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Reddy, K.K; Lefkove, B.; Chen, L.B.; Govindarajan, B.; Carracedo, A.; Velasco, G.; Carrillo, C.O.; Bhandarkar, S.S.; Owens, M.J.;
Mechta-Grigoriou, E; et al. The Antidepressant Sertraline Downregulates Akt and Has Activity against Melanoma Cells. Pigment
Cell Melanoma Res. 2008, 21, 451-456. [CrossRef]

Boia-Ferreira, M.; Basilio, A.B.; Hamasaki, A.E.; Matsubara, FH.; Appel, M.H.; Da Costa, C.R.V.; Amson, R.; Telerman, A.; Chaim,
O.M,; Veiga, S.S.; et al. TCTP as a Therapeutic Target in Melanoma Treatment. Br. J. Cancer 2017, 117, 656-665. [CrossRef]
Chien, J.-M.; Chou, C.-T.; Pan, C.-C.; Kuo, C.-C.; Tsai, J.-Y.; Liao, W.-C.; Kuo, D.-H.; Shieh, P,; Ho, C.-M.; Chu, S.-T.; et al.
The Mechanism of Sertraline-Induced [Ca?*]; Rise in Human OC2 Oral Cancer Cells. Hum. Exp. Toxicol. 2011, 30, 1635-1643.
[CrossRef] [PubMed]

Drinberg, V.; Bitcover, R.; Rajchenbach, W.; Peer, D. Modulating Cancer Multidrug Resistance by Sertraline in Combination with a
Nanomedicine. Cancer Lett. 2014, 354, 290-298. [CrossRef] [PubMed]

Huang, ].-K.; Chang, H.-T.; Chou, C.-T.; Shu, S.-S.; Kuo, C.-C.; Tsai, ].-Y.; Liao, W.-C.; Wang, J.-L.; Lin, K.-L.; Lu, Y.-C; et al. The
Mechanism of Sertraline-Induced [Ca®*) ] Rise in Human PC3 Prostate Cancer Cells. Basic Clin. Pharmacol. Toxicol. 2011, 109,
103-110. [CrossRef] [PubMed]

Chinnapaka, S.; Bakthavachalam, V.; Munirathinam, G. Repurposing Antidepressant Sertraline as a Pharmacological Drug to
Target Prostate Cancer Stem Cells: Dual Activation of Apoptosis and Autophagy Signaling by Deregulating Redox Balance. Am.
J. Cancer Res. 2020, 10, 2043-2065.

Mu, C.; Peng, R-K,; Guo, C.-L.; Li, A,; Yang, X.-M.; Zeng, R; Li, Y.-L.; Gu, J.; Ouyang, Q. Discovery of Sertraline and Its
Derivatives Able to Combat Drug-Resistant Gastric Cancer Cell via Inducing Apoptosis. Bioorg. Med. Chem. Lett. 2021, 41, 127997.
[CrossRef]

Lin, K.-L.; Chi, C.-C.; Lu, T; Tseng, L.-L.; Wang, J.-L.; Lu, Y.-C.; Jan, C.-R. Effect of Sertraline on [Ca2+](i) and Viability of Human
MG63 Osteosarcoma Cells. Drug Chem. Toxicol. 2013, 36, 231-240. [CrossRef]

Cipriani, A.; La Ferla, T.; Furukawa, T.A,; Signoretti, A.; Nakagawa, A.; Churchill, R.; McGuire, H.; Barbui, C. Sertraline versus
Other Antidepressive Agents for Depression. Cochrane Database Syst. Rev. 2010, 4, CD006117. [CrossRef]

Rot, M.A .H.; Mathew, S.J.; Charney, D.S. Neurobiological Mechanisms in Major Depressive Disorder. CMA] 2009, 180, 305-313.
[CrossRef]

Sangkuhl, K.; Klein, T.E.; Altman, R.B. Selective Serotonin Reuptake Inhibitors Pathway. Pharmacogenet. Genom. 2009, 19, 907-909.
[CrossRef]

Romero, L.; Bel, N.; Artigas, F.; De Montigny, C.; Blier, P. Effect of Pindolol on the Function of Pre- and Postsynaptic 5-HT1A
Receptors: In Vivo Microdialysis and Electrophysiological Studies in the Rat Brain. Neuropsychopharmacology 1996, 15, 349-360.
[CrossRef]

Artigas, F.; Romero, L.; De Montigny, C.; Blier, P. Acceleration of the Effect of Selected Antidepressant Drugs in Major Depression
by 5-HT1A Antagonists. Trends Neurosci. 1996, 19, 378-383. [CrossRef]

El Mansari, M.; Sanchez, C.; Chouvet, G.; Renaud, B.; Haddjeri, N. Effects of Acute and Long-Term Administration of Escitalopram
and Citalopram on Serotonin Neurotransmission: An in Vivo Electrophysiological Study in Rat Brain. Neuropsychopharmacology
2005, 30, 1269-1277. [CrossRef]

Hervés, I; Vilar6, M.T.; Romero, L.; Scorza, M.C.; Mengod, G.; Artigas, F. Desensitization of 5-HT1A Autoreceptors by a Low
Chronic Fluoxetine Dose Effect of the Concurrent Administration of WAY-100635. Neuropsychopharmacology 2001, 24, 11-20.
[CrossRef]

Boldrini, M.; Underwood, M.D.; Mann, J.J.; Arango, V. Serotonin-1A Autoreceptor Binding in the Dorsal Raphe Nucleus of
Depressed Suicides. J. Psychiatr. Res. 2008, 42, 433—442. [CrossRef]

Parsey, R.V.; Olvet, D.M.; Oquendo, M.A.; Huang, Y.Y.; Ogden, R.T.; Mann, ]J.J. Higher 5-HT1A Receptor Binding Potential during
a Major Depressive Episode Predicts Poor Treatment Response: Preliminary Data from a Naturalistic Study. Neuropsychopharma-
cology 2006, 31, 1745-1749. [CrossRef]

Kitaichi, Y.; Inoue, T.; Nakagawa, S.; Boku, S.; Kakuta, A.; Izumi, T.; Koyama, T. Sertraline Increases Extracellular Levels Not
Only of Serotonin, but Also of Dopamine in the Nucleus Accumbens and Striatum of Rats. Eur. J. Pharmacol. 2010, 647, 90-96.
[CrossRef]

Busby, J.; Murray, L.; Mills, K.; Zhang, S.-D.; Liberante, F.; Cardwell, C.R. A Combined Connectivity Mapping and Pharmacoepi-
demiology Approach to Identify Existing Medications with Breast Cancer Causing or Preventing Properties. Pharmacoepidemiol.
Drug Saf. 2018, 27, 78-86. [CrossRef] [PubMed]

Chan, H.-L.; Chiu, W.-C.; Chen, V.C.-H.; Huang, K.-Y.; Wang, T.-N.; Lee, Y.; McIntyre, R.S.; Hsu, T.-C.; Lee, C.T.-C.; Tzang, B.-S.
SSRIs Associated with Decreased Risk of Hepatocellular Carcinoma: A Population-Based Case-Control Study. Psychooncology
2018, 27, 187-192. [CrossRef] [PubMed]

Christensen, D.K.; Armaiz-Pena, G.N.; Ramirez, E.; Matsuo, K.; Zimmerman, B.; Zand, B.; Shinn, E.; Goodheart, M.].; Bender, D.;
Thaker, PH.; et al. SSRI Use and Clinical Outcomes in Epithelial Ovarian Cancer. Oncotarget 2016, 7, 33179-33191. [CrossRef]
[PubMed]

Morch, L.S.; Dehlendorff, C.; Baandrup, L.; Friis, S.; Kjaer, S.K. Use of Antidepressants and Risk of Epithelial Ovarian Cancer. Int.
J. Cancer 2017, 141, 2197-2203. [CrossRef] [PubMed]

Ferguson, ].M. SSRI Antidepressant Medications: Adverse Effects and Tolerability. Prim. Care Companion J. Clin. Psychiatry 2001, 3,
22-27. [CrossRef] [PubMed]


http://doi.org/10.1111/j.1755-148X.2008.00481.x
http://doi.org/10.1038/bjc.2017.230
http://doi.org/10.1177/0960327110396523
http://www.ncbi.nlm.nih.gov/pubmed/21247994
http://doi.org/10.1016/j.canlet.2014.08.026
http://www.ncbi.nlm.nih.gov/pubmed/25173796
http://doi.org/10.1111/j.1742-7843.2011.00690.x
http://www.ncbi.nlm.nih.gov/pubmed/21371263
http://doi.org/10.1016/j.bmcl.2021.127997
http://doi.org/10.3109/01480545.2012.710625
http://doi.org/10.1002/14651858.CD006117.pub4
http://doi.org/10.1503/CMAJ.080697
http://doi.org/10.1097/FPC.0b013e32833132cb
http://doi.org/10.1016/0893-133X(95)00240-E
http://doi.org/10.1016/S0166-2236(96)10037-0
http://doi.org/10.1038/sj.npp.1300686
http://doi.org/10.1016/S0893-133X(00)00175-5
http://doi.org/10.1016/j.jpsychires.2007.05.004
http://doi.org/10.1038/sj.npp.1300992
http://doi.org/10.1016/j.ejphar.2010.08.026
http://doi.org/10.1002/pds.4345
http://www.ncbi.nlm.nih.gov/pubmed/29205633
http://doi.org/10.1002/pon.4493
http://www.ncbi.nlm.nih.gov/pubmed/28666060
http://doi.org/10.18632/oncotarget.8891
http://www.ncbi.nlm.nih.gov/pubmed/27121207
http://doi.org/10.1002/ijc.30919
http://www.ncbi.nlm.nih.gov/pubmed/28791695
http://doi.org/10.4088/PCC.v03n0105
http://www.ncbi.nlm.nih.gov/pubmed/15014625

Biomolecules 2022, 12,1513 23 of 23

87.

88.

89.

90.

Kesim, M.; Tiryaki, A.; Kadioglu, M.; Muci, E.; Kalyoncu, N.L; Yaris, E. The Effects of Sertraline on Blood Lipids, Glucose, Insulin
and HBA1C Levels: A Prospective Clinical Trial on Depressive Patients. J. Res. Med. Sci. 2011, 16, 1525-1531. [PubMed]
Sertraline: MedlinePlus Drug Information. Available online: https://medlineplus.gov/druginfo/meds/a697048.html (accessed
on 26 September 2022).

A Proof-of-Concept Clinical Trial Assessing the Safety of the Coordinated Undermining of Survival Paths by 9 Repurposed
Drugs Combined With Metronomic Temozolomide (CUSP9v3 Treatment Protocol) for Recurrent Glioblastoma—No Study Results
Posted—ClinicalTrials.Gov. Available online: https:/ /clinicaltrials.gov/ct2/show /results /NCT02770378?term=NCT0277037
8&draw=2&rank=1 (accessed on 21 September 2022).

Sertraline and Cytosine Arabinoside in Adults With Relapsed and Refractory AML—Full Text View—ClinicalTrials.Gov. Avail-
able online: https://clinicaltrials.gov/ct2/show/study/NCT02891278?term=NCT02891278&draw=2&rank=1 (accessed on
21 September 2022).


http://www.ncbi.nlm.nih.gov/pubmed/22973359
https://medlineplus.gov/druginfo/meds/a697048.html
https://clinicaltrials.gov/ct2/show/results/NCT02770378?term=NCT02770378&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/results/NCT02770378?term=NCT02770378&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/study/NCT02891278?term=NCT02891278&draw=2&rank=1

	Introduction 
	Review on the Anticancer Effects of Sertraline against Different Human Cancer Cells 
	Lung Cancer 
	Colorectal Cancer 
	Breast Cancer 
	Hepatocellular Cancer 
	Leukemia 
	Brain Cancer 
	Melanoma 
	Oral Cancer 
	Ovarian Cancer 
	Prostate Cancer 
	Gastric Cancer 
	Osteosarcoma 

	Discussion on the Repurposing of Sertraline for Cancer Therapy 
	Conclusions 
	References

