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Abstract

Background Selective serotonin reuptake inhibitors (SSRIs) are the most common class of medicines used for the treatment
of major depression. Recent studies have reported an association between depression and inflammation and suggested the
significant effects of SSRIs on inflammatory processes.

Methods The current study aimed to evaluate the effects of fluoxetine, an SSRI, on the level of inflammatory cytokines,
including interleukin-1p (IL-1p), interleukin-6 (IL-6), and tumor necrosis factor-o (TNF-a), in the rat serum and RAW?264.7
mouse macrophage cell line, using ELISA sandwich assays. Also, the expression of inflammatory genes, including JAK/
STAT3 and TLR4/JNK, was examined in macrophages, using real-time quantitative reverse transcription PCR to determine
the potential mechanism of fluoxetine in inflammation. The rats received fluoxetine (10, 20, and 40 mg/kg) 30 min before
lipopolysaccharide (LPS) treatment for 90 min. The cells received different doses of fluoxetine (5, 10, and 20 pg/mL) before
stimulation with LPS for 24 or 48 h.

Results The serum concentrations of IL-1p, IL-6, and TNF-a were reduced in rats and cells treated with fluoxetine. Following
fluoxetine administration, the expression of JAK/STAT3 and TLR4/JNK genes was significantly decreased in the RAW264.7
cells treated with LPS for 24 h. However, after 48 h of treatment with LPS, fluoxetine failed to diminish the elevated expres-
sion of JAK and JNK genes, while it significantly decreased the expression of STAT3 and TLR4 genes.

Conclusion The findings revealed that fluoxetine has anti-inflammatory properties, mainly due to the reduction of inflam-
matory cytokines and inhibition of JAK/STAT3 and TLR4/JNK gene expression in macrophages.
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NO Nitric oxide

PGE Prostaglandin E

RT-PCR Reverse transcription polymerase chain
reaction

SNRI Serotonin norepinephrine reuptake inhibitors

SSRI Serotonin selective reuptake inhibitors

TLR Toll like receptor

TNF-a Tumor necrosis factor a

VCAM1 Vascular cell adhesion protein 1

5-HT 5-Hydroxytryptamine

Introduction

Major depressive disorder (MDD) or depression, which is
a common and recurrent mood disorder accompanied by
persistent feelings of sadness, affects one in every five peo-
ple in their lifetime [1]. As a frequent disorder, MDD can
negatively influence the quality of life of individuals. Sev-
eral factors can contribute to the development of depression,
including environmental, genetic, and immunological factors
[2]. So far, several theories have been proposed regarding
the biological basis of depression. The “monoamine theory”
suggests that depression is caused by a lack of monoamine
neurotransmission, especially serotonin [3]. However, it is
believed that this theory is not sufficient to explain the thera-
peutic effects of antidepressants [4].

According to several studies, depression may involve
inflammatory processes [5—7]. Therefore, overactivation of
monocytes and macrophages, along with the increased con-
centration of proinflammatory cytokines, contributes to the
pathology of depression. Based on these findings, the “mac-
rophage theory of depression” has been formulated [2]. This
theory is supported by the higher prevalence of depression
in individuals with a diagnosis of disorders that are charac-
terized by the activation of macrophages, such as rheuma-
toid arthritis, coronary heart disease, and stroke [7]. In this
regard, a meta-analysis showed that depressed patients who
did not use antidepressants had higher blood concentrations
of proinflammatory cytokines, such as interleukin-6 (IL-6)
and tumor necrosis factor-o (TNF-a), compared to healthy
controls [8].

Different immune cells, including macrophages, medi-
ate the complex inflammatory process. Macrophages are
involved in inflammation through the release of cytokines
and proinflammatory mediators, such as nitric oxide (NO),
IL-6, IL-1P, TNF-a, and macrophage chemoattractant
protein-1 (MCP-1) [9]. Stimulation of toll-like receptors
(TLRs) on macrophages with lipopolysaccharide (LPS) can
initiate some downstream signaling cascades, resulting in
increased levels of inflammatory mediators, including NO,
inducible NO synthase (iNOS), cyclooxygenase-2 (COX-2),
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prostaglandin E2 (PGE2), and proinflammatory cytokines
(e.g., IL-1B, IL-6, and TNF-a) [10-12].

TLRs, as the key to the immune response to pathogenic
invasions, are expressed on various immune-related cells.
Stimulation of TLRs due to neuroinflammatory disorders,
such as depression, activates immune-related cells, glial
cells, and different cytokines and enzymes [13]. Among
TLRs, TLR4 is associated with LPS recognition via activa-
tion of nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-kB)/c-Jun N-terminal kinase (JNK) path-
way and the subsequent release of several proinflammatory
cytokines, such as IL-6, TNF-a, interferon-beta (IFN-f3), and
MCP-1 [14, 15]. In addition, several mammalian cytokines,
including interleukins and interferons, are capable of regu-
lating the Janus kinase (JAK)/signal transducer and activator
of transcription 3 (STAT3) pathway; this pathway is known
to influence the pathogenesis of several inflammatory dis-
eases [16, 17].

Despite the suggested association between depression
and inflammatory processes, the effects of antidepressants
on inflammation are not well studied. Selective serotonin
reuptake inhibitors (SSRIs) are widely used antidepressants
to treat obsessive—compulsive disorder, panic disorder,
eating disorders and MDD. Compared to most antidepres-
sants, SSRIs have minor side effects and are well tolerated
by patients. However, only few studies have investigated the
anti-inflammatory properties of SSRIs, which yielded incon-
sistent results [18-20].

Fluoxetine, a commonly prescribed SSRI, has been shown
to affect several inflammatory and proinflammatory media-
tors in mice and microglial cells [21-23]. However, the anti-
inflammatory effect of fluoxetine on macrophages has not
been investigated to date.

Therefore, based on the macrophage theory of depression,
the present study aimed to evaluate the effects of fluoxetine
on the serum concentrations of IL-6, IL-1p, and TNF-« in
rats and the RAW264.7 macrophage cell line and to deter-
mine its effects on JAK/STAT3 and TLR4/JNK gene expres-
sion in macrophages.

Materials and methods
Chemicals

Fluoxetine hydrochloride was purchased from Dr. Abidi
Pharmaceuticals (Iran). The RAW264.7 mouse macrophage
cell line was purchased from the Cell Bank of Pasteur
Institute of Iran (Iran). Dimethyl sulfoxide (DMSO) and
lipopolysaccharide (LPS from Escherichia coli 0127:B8)
were obtained from Sigma-Aldrich (USA). RPMI-1640,
Dulbecco's modified eagle medium (DMEM), and fetal
bovine serum (FBS) were obtained from Bioidea (Iran).
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Collagen- and fibronectin-coated dishes were purchased
from Padgin Teb Company (Iran).

Animals

Male Wistar rats (200-250 g) were provided by the animal
house of Abadan University of Medical Sciences, Abadan,
Iran, and kept in standard polypropylene cages (four ani-
mals per cage) in a 12:12 h light—dark cycle with free
access to food and water. All experiments were conducted
following the Guide for the Care and Use of Laboratory
Animals of Abadan University of Medical Sciences. The
experiments were approved by the medical research ethics
committee of Abadan University of Medical Sciences (code:
IR.ABADANUMS.REC.1396.213).

Preparation of rat serum samples and quantification
of serum concentrations of IL-1B, IL-6, and TNF-a

The animals were divided into four groups randomly (eight
animals in each group). The control group received vehicle
(10 ml/kg of physiological saline) intraperitoneally (i.p.),
while 10, 20, or 40 mg/kg of fluoxetine (i.p.) was injected
to the fluoxetine groups. LPS (10 mg/kg, i.p.) was injected
30 min after drug administration. Blood sampling was car-
ried out via cardiac puncture under anesthesia (40 mg/kg
of pentobarbital, i.p.) 90 min following the injection of
LPS. After coagulation, blood was centrifuged at 2000 g
for 20 min to produce serum specimens. The serum levels
of IL-1p, IL-6, and TNF-a were measured using commercial
ELISA kits (Cat. No., IL-1p: BMS630; IL-6: BMS625; and
TNF-a: KRC3011), based on the manufacturer’s instructions
(eBioscience, San Diego, CA, USA). A microplate reader
(BioRad, USA) was used to read absorbance at 450 nm.

Cell culture

The RAW264.7 cells were cultured in DMEM, supple-
mented with heat-inactivated FBS (10%) and 1% penicil-
lin—streptomycin in a humidified atmosphere with 5% CO? at
37 °C. The cells were grown to confluence on collagen- and
fibronectin-coated dishes.

Cell viability assay

The toxicity of fluoxetine and LPS at the given concentra-
tions was assessed in the RAW264.7 macrophages by the
MTT assay. Generally, conversion of MTT to formazan indi-
cates the mitochondrial function and cell viability [24]. The
cells were plated at 10* cells/well in 96-well plates, followed
by incubation with LPS (1 pg/mL) alone or in combination
with fluoxetine (5, 10, or 20 pg/mL) for 24 and 48 h at 37 °C.
The medium was replaced with RPMI-1640 phenol red-free

medium (100 pL). Next, 10 pL of 12 mM MTT solution was
added to each well, and incubation was performed for four
hours at 37 °C.

Finally, to dissolve formazan crystals, 50 pL of DMSO
solution was added to each well. A BioTek (Epoch, USA)
microplate reader was used to measure the intensity of
formazan blue dye at 570 nm.

Measurement of IL-1, IL-6 and TNF-a concentration
in the RAW 264.7 macrophage cell line

The RAW 264.7 macrophage cells (10%cells in each well of
96-well plates) were pre-incubated with fluoxetine (5, 10,
or 20 pg/mL) for one hour before LPS (1 pg/mL) adminis-
tration for 24 h at 37 °C. The culture media were then col-
lected and centrifuged at 800g to obtain the supernatants.
The levels of IL-1f, IL-6, and TNF-a were assessed by com-
mercial ELISA kits (R&D Systems, USA; Cat No., IL-1p:
SMLBO00C; IL-6: SM6000B; and TNF-a: SMTAO0B). A
microplate reader (BioRad, USA) was used to read absorb-
ance at 450 nm.

Quantitative real-time polymerase chain reaction
(PCR)

Real-time reverse transcription-PCR (RT-PCR) was
employed to quantify the mRNA expression levels of target
genes in the RAW264.7 cells. The cells were seeded in a
60 mm tissue culture dish (5x 10° cells/well), followed by
incubation for 12 h, which allowed the cells to adhere to the
dish. Subsequently, the cells were rinsed three times with the
medium. They were then treated with LPS (1 pg/mL), alone
or in combination with various concentrations of fluoxetine
(5, 10, or 20 pg/mL), for 24 or 48 h at 37 °C. Before harvest-
ing the cells for RT-PCR, they were rinsed with phosphate-
buffered saline (PBS). Total RNA was extracted using the
RNX-Plus Solution (Sinaclon, Iran) and stored at — 80 °C.
The concentration and quality of RNA preparations were
calculated using a spectrophotometer at 260 and 280 nm.
First-strand cDNA synthesis was performed with a Takara
cDNA Synthesis Kit (Takara Bio Inc., Japan). Subsequently,
real-time RT-PCR was conducted using a One-Step SYBR
Green PrimeScript PLUS RT-PCR Kit (Takara Bio Inc.,
Japan) and gene-specific primers (listed in Table 1) under
the following conditions: 95 °C for 10 min, and 45 cycles
of denaturation (15 s/95 °C), annealing (30 s/55, 60 °C),
extension (30 s/72 °C), and a final extension (10 min/72 °C).
[-actin was used as the housekeeping gene. The relative con-
centrations of mRNAs were measured using the comparative
CT method, with p-actin mRNA as the internal control. Data
are reported as the optimal density/B-actin. The fold change
for each specimen was assessed using the relative expression
software tool (REST).
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Table 1 Primers for real-time RT-PCR

Name Sequences

p-actin F 5'-ATCACTATTGGCAACGAGCG-3'
B-actin R 5" TCAGCAATGCCTGGGTACAT-3'
TLR-4 F 5'-CGATTCTAGAACAAAACCAA-3’
TLR-4 R 5'-CTGGAAAGGAAGGTGTCA-3'
JAKF 5'-CTTCCACATAGACGAGTCAACCA-3'
JAKR 5'-CATCAAGCAGAGGAGCTTCAGC-3’
JNKF 5" TTAAAGCCAGTCAGGCAAGG- 3’
JNKR 5'-GGTTGTGGGCATGTAGTTAC- 3'
STAT3 F 5'-ATCACGCCTTCTACAGACTGC-3’
STAT3 R 5'-CATCCTGGAGATTCTCTACCACT-3'

Statistical analysis

The normal distribution of data was evaluated using Kol-
mogorov—Smirnov test. The results showed that all data had
a normal distribution. Data are presented as mean + stand-
ard error of the mean (SEM). Statistical analyses were per-
formed using one-way analysis of variance (ANOVA) and
Tukey’s post hoc test. The level of statistical significance
(P-value) was set at <0.05.

Results

Effects of fluoxetine on the serum levels of IL-14,
IL-6 and TNF-a in rats

LPS significantly increased the serum concentrations of
IL-1p, IL-6 and TNF-a in rat. Different doses of fluoxetine
(10, 20, or 40 mg/kg) decreased the LPS-induced increase
in the concentrations of IL-6 and IL-1p in the rat serum.
The serum level of TNF-a was also decreased in the groups
treated with 20 or 40 mg/kg of fluoxetine, but not 10 mg/kg,
compared to the LPS group (Fig. 1).

Effects of fluoxetine or LPS on cell viability

The MTT assay was applied to study the potential cytotoxic
effects of fluoxetine and LPS on the RAW?264.7 macrophage
cells. The results showed that treatment with 1 pg/mL of
LPS, alone or in combination with 5, 10, or 20 ug/mL of
fluoxetine for 24 or 48 h, exerted no significant effects on cell
viability compared to untreated cells (P <0.05) (Fig. 2A).

Effects of fluoxetine on IL-1B, IL-6, and TNF-a levels
in the RAW264.7 macrophage cell line

As shown in Fig. 2B-D, the levels of IL-1f, IL-6 and TNF-a
were significantly increased in the RAW 264.7 macrophage
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cells after 24 h of stimulation with LPS (*P <0.05). All
tested doses of fluoxetine (5, 10, and 20 pg/mL) signifi-
cantly reduced the concentration of IL-13 (###P <0.001).
The concentrations of IL-6 and TNF-a were also reduced
in groups receiving 10 or 20 pg/mL of fluoxetine. However,
treatment with 5 ug/mL of fluoxetine did not cause a sig-
nificant reduction in the level of IL-6 or TNF-a compared
to the LPS group.

Effects of fluoxetine on the JAK/STATE3 gene
expression in the RAW264.7 macrophage cell line

Our findings showed that the expression level of JAK was
significantly increased in the RAW264.7 cells at 24 or 48 h
post-LPS administration compared to the control group
(***P<0.001) (Figs. 3A, 4A). Fluoxetine (5, 10, or 20 pg/
mL) significantly decreased the elevated gene expression
of JAK after 24 h, but not after 48 h of treatment with LPS
(Figs. 3A, 4A). In the LPS-treated cells, the STAT3 gene
expression was significantly increased after 24 or 48 h
(Figs. 3B, 4B). Moreover, fluoxetine at concentrations of
5, 10, or 20 pg/mL significantly decreased the STAT3 gene
expression after 24 h of treatment with LPS (***P <0.001)
(Fig. 3B). The STAT3 gene expression was also significantly
decreased by 5, or 10 ug/mL of fluoxetine in cells treated
with LPS for 48 h (##P <0.01) (Fig. 4B).

Effects of fluoxetine on TLR4/JNK gene expression
in the RAW264.7 macrophage cell line

As shown in Figs. 3C, 4C, LPS increased the TLR4 gene
expression in the RAW264.7 cells after 24 and 48 h com-
pared to the control group (***P <0.001). Fluoxetine at all
concentrations decreased the TLR4 gene expression after 24
or 48 h of LPS treatment (#P <0.01 and ###P <0.001).
Moreover, JNK expression was increased at 24 or 48 h post-
LPS treatment (***P <0.001, Figs. 3D, 4D). Fluoxetine
significantly decreased the elevated expression of JNK gene
in the RAW264.7 cells after 24 h of LPS treatment, but not
after 48 h (###P < 0.001, Figs. 3D, 4D).

Discussion

The main findings of the present study indicated that
fluoxetine reduced the concentrations of proinflammatory
cytokines IL1p, IL-6, and TNF-a in the rat serum and RAW
264.7 macrophage cells treated with LPS. Fluoxetine also
inhibited the expression of key inflammatory genes JAK/
STAT3 and TLR4/JNK, in macrophage cells, without exhibit-
ing cytotoxicity.

The etiology of depression is not completely under-
stood, and may involve many factors, including the
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activation of macrophages, peripheral monocytes, and
resident brain microglia, as well as high serum concen-
trations of proinflammatory cytokines [25, 26]. Impor-
tantly, lymphocytes and monocytes can release serotonin
and noradrenaline, which exhibit immunomodulatory
characteristics through receptors on immune cells [27].
Proinflammatory cytokines can increase monoamine and
serotonin reuptake, thereby reducing monoaminergic and

and **p<0.01 statistically significant compared with control,
###5<0.001 and #p <0.01 compared with LPS alone

serotonergic neurotransmission, which are believed to have
major roles in the pathology of depression [28-30].

The SSRIs and serotonin and norepinephrine reuptake
inhibitors (SNRIs) exert their effects on MMD through
inhibition of presynaptic transporters. Nonetheless, substan-
tial evidence over decades suggests that these agents have
some immunomodulatory effects, as well [22]. It has been
reported that macrophages and other immune cells express
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Fig.2 Effects of LPS alone or in combination with fluoxetine on cell
viability in RAW 264.7 macrophages (A). Cells were treated with
LPS (1 pg/ml) alone or with increasing doses of fluoxetine (5, 10 or
20 pg/ml) for 24 or 48 h. Levels of IL-6 (B), IL-1f (C) and TNF-a
(D) in RAW 256.7 macrophages treated with LPS (1 pg/ml) alone or

norepinephrine [31] and serotonin [32] receptors and are
sensitive to depression-related changes in the concentra-
tion of neurotransmitters; therefore, they may influence the
action of antidepressants in the CNS synapses [2].
Additionally, antidepressants have been shown to prevent
activation of microglia and decrease oxidative stress prod-
ucts in inflammation models induced by LPS and cytokines.
All classes of antidepressants may prevent the LPS-induced
release of cytokines, including IL-1p, IL-6, and TNF-a, by
inhibiting the activation of immune-related intracellular
signaling pathways, such as p38 MAPK, ERK, JNK, and
NF-xB in microglia [33]. However, the anti-inflammatory
effects of antidepressants on macrophages have been less
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in combination with fluoxetine (5, 10 or 20 pg/ml) for 24 h. Values
are expressed as mean+ SEM. All data are from three separate exper-
iments in triplicate. *p<0.05 statistically significant compared with

control, #p < 0.001 compared with LPS alone

investigated in previous studies. These agents may reduce
the generation of macrophage-derived NO and reactive oxy-
gen intermediates as potent mediators of innate and adaptive
immune responses [2].

Fluoxetine is an SSRI antidepressant, associated with
increased concentrations of 5-hydroxytryptamine (5-HT),
with no impact on other neurotransmitter receptors. This
medicine has been approved by the food and drug adminis-
tration (FDA) for the treatment of major mental disorders,
including posttraumatic stress disorder, menopausal vaso-
motor symptoms, bulimia nervosa, depression, generalized
anxiety disorder, and premature ejaculation [34]. Although
the therapeutic effects of fluoxetine have been investigated in



Molecular Biology Reports (2023) 50:2231-2241

2237

>

[=2]
1

k%

JAK mRNA
realative expression levels
F-S
1

2
it it Y
, mll T T %
\l T T T T
O
LK AIC
R ,\QQ Q\?q
'Qe 4 z,‘»
& &
O 5 ¥
A 00 o
< &
Cc
124

TLR4 mRNA
realative expression levels
o N b O
L 1 1 1

A\
O
K N
® N N &
R \QQ Ny
. \(@ o Q‘b
X R o

Fig.3 Effects of fluoxetine on expression levels of LPS-induced JAK
(A), STAT3 (B), TLR4 (C) and JNK (D) in RAW264.7 macrophages.
Cells were treated with LPS or LPS in combination with fluoxetine
(5, 10 or 20 pg/ml) for 24 h. The mRNA expression data were nor-

several studies, it is not clear how it influences inflammation
management. Therefore, the current study investigated the
effects of fluoxetine on the concentrations of IL-1p, IL-6,
and TNF-a in the rat serum and macrophage cells and also
evaluated its effects on JAK/STAT3 and TLR4/JNK gene
expression in macrophages following stimulation with LPS.

LPS, as the main component of the outer membrane of
Gram-negative bacteria, is recognized by TLRs on mac-
rophages. TLR activation leads to the production of pro-
inflammatory cytokines, such as IL-1f, IL-6, and TNF-a,
causing tissue destruction and cell damage in many inflam-
matory diseases [35, 36]. Amongst TLRs, TLR4 is best iden-
tified for recognition of LPS, and is expressed on several
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malized to the B-Actine signal and are presented as mean+ SEM. All
data are from three separate experiments in triplicate. ***p<0.001

statistically significant compared with control, **p <0.001 compared
with LPS alone

immune cells, including microglia, astrocytes, and mac-
rophages. This receptor is involved in depression via acti-
vation of inflammatory pathways (e.g., NF-xB) and release
of some proinflammatory cytokines [37, 38].

According to structural models, fluoxetine can physically
interact with TLR4, similar to LPS, and form a complex,
preventing NF-«xB activation [39]. It has been reported that
involvement of TLR4 and TLRY can also stimulate STAT3
[40]. Activation of STAT3 by LPS can increase the pro-
duction of IL-1p and IL-6 as major inflammatory media-
tors [41]. The anti-inflammatory activity of fluoxetine is
also linked to glycogen synthase kinase-3 beta (GSK3 beta)
phosphorylation, which possibly inhibits the generation of
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Fig.4 Effects of fluoxetine on expression levels of LPS-induced JAK
(A), STAT3 (B), TLR4 (C) and JNK (D) in RAW264.7 macrophages.
Cells were treated with LPS or LPS in combination with fluoxetine
(5, 10 or 20 pg/ml) for 48 h. The mRNA expression data were nor-

NO and PGE2 in the RAW macrophage cell line activated
by LPS [42].

We found that LPS increased the levels of IL-1p, IL-6,
and TNF-a in the rat serum and RAW 264.7 cells. LPS also
up regulated the JAK/STAT3 and TLR4/JNK gene expression
at 24 and 48 h following exposure. Fluoxetine decreased the
concentrations of IL-1p, IL-6, and TNF-a in the rat serum
and macrophages at 24 h post-exposure to LPS. It also
reduced the elevated expression of JAK/STAT3 and TLR4/
JNK genes following 24 h of stimulation with LPS. How-
ever, fluoxetine only reduced the increased gene expression
of STAT3 and TLR4, but not JAK and JNK, induced by 48 h
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malized to the p-Actine signal and are presented as mean+SEM. All
data are from three separate experiments in triplicate. ***p<0.001
statistically significant compared with control, *¥p<0.001 and
#p <0.01 compared with LPS alone

of LPS treatment. A longer LPS exposure may be associated
with higher JAK and JNK upregulation, which cannot be
reduced with fluoxetine at the given concentrations. Alto-
gether, the current results indicated that fluoxetine signifi-
cantly decreased the levels of proinflammatory cytokines
both in vivo and in vitro.

In agreement with our findings, Rafiee et al. found
that administration of fluvoxamine significantly reduced
the expression of COX2, ICAM1, VCAMI, and iNOS in
endothelial cells, macrophages, and rat carrageenan-related
paw edema [43]. Tynan et al. also reported the anti-inflam-
matory effects of some SSRIs and SNRIs by altering the
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expression of TNF-a and NO in microglia cells [22]. Lu
et al. investigated the anti-inflammatory effects of sertraline,
an SSRI, and found that it bound to TNF-a and TNF recep-
tors and diminished the level of TNF-a in microglia cells.
They suggested that inhibiting the activation of microglia by
the NF-«xB signaling pathway might contribute to the anti-
depressant effects of sertraline [20].

Additionally, Ohgi et al. evaluated the effects of anti-
depressants on the serum levels of cytokines (i.e., IL-10
and TNF-a) and depressive-like behaviors in mice. They
reported that antidepressant agents have anti-inflammatory
properties in vivo, which are mediated by the serotonergic
system [21]. Hajhashemi et al., in a study evaluating the anti-
inflammatory effects of venlafaxine (an SSNRI) in rats with
carrageenan-related paw edema, found that the potential
anti-inflammatory effects of venlafaxine were mostly related
to the inhibition of IL-1f and TNF-a production [44].

Antidepressants, especially SSRIs, exhibit therapeu-
tic effects in several clinical conditions due to their anti-
inflammatory properties. The immunomodulatory effects
and relationships between plasma cytokine levels and the
therapeutic efficacy of venlafaxine and paroxetine, have been
examined in patients with MDD. Overall, venlafaxine and
paroxetine showed different immunomodulatory properties.
Venlafaxine decreased the concentrations of IFNy, TNF-a,
IL-4, IL-5, IL-1p, and IL-8, while paroxetine increased
the levels of IFNy, TNF-a, and IL-6 and decreased Th2
cytokine levels [45]. In another study, escitalopram amelio-
rated asthma symptoms in patients with asthma and depres-
sion [46]. Also, fluoxetine protected against chronic meth-
amphetamine-induced pulmonary inflammation [47] and
ameliorated dyspnea and pulmonary arterial hypertension
in chronic obstructive pulmonary disease (COPD) patients
[48]. Recently, some clinical studies have investigated the
efficacy of SSRIs in the management of COVID-19 symp-
toms, particularly cytokine storm [49-52]. In this regard,
Firouzabadi et al. (2022) conducted a systematic meta-anal-
ysis on the effects of SSRIs/SNRIs in reducing the mortality
of COVID-19 patients. Their findings revealed that the rate
of mortality was decreased with fluoxetine and fluvoxam-
ine treatment [49]. Altogether, consistent with the current
findings, other studies on cells, animal models, and human
patients indicated that antidepressant agents downregulated
the secretion of proinflammatory cytokines and upregulated
the release of anti-inflammatory cytokines. However, very
few studies have evaluated the anti-inflammatory effects of
SSRIs on macrophage cells, and there is no clear evidence
regarding the exact pathways by which antidepressants
reduce the secretion of cytokines by activated macrophages.
Considering the role of macrophages in the pathology of
depression, further research can provide new insights into
the treatment of inflammation, as well as depressive disor-
ders. Our findings demonstrated that fluoxetine might exert

its anti-inflammatory effects by decreasing the levels of
IL-1p, IL-6, and TNF-a and down regulating JAK/STAT3
and TLR4/JNK gene expression in macrophages.

The present study has some limitations. First, in addi-
tion to gene expression studies, further investigations are
needed to evaluate the effects of fluoxetine on the protein
levels of the transcription factor/signal proteins investigated
in the current study. Second, drug treatment plans other than
pretreatment with fluoxetine, which was used in the cur-
rent study, might be considered. Third, the measurement of
spleen weight is recommended in future studies, as evidence
suggests that LPS increases the spleen weight and that the
serum concentration of IL-6 is associated with the spleen
weight in LPS-treated mice [53-55]. Finally, investigation
of the anti-inflammatory effects of fluoxetine in both male
and female rats can be useful in addressing potential sex
differences.

Conclusion

Excessive inflammatory reactions contribute to the devel-
opment of different cardiovascular, metabolic, and neu-
roendocrine disorders. Owing to their immunomodulatory
effects, different antidepressants may be effectively used in
complicated treatment plans for inflammatory and immune-
mediated conditions by enhancing the patients’ mood and
alleviating chronic inflammation. Fluoxetine reduces the
expression of several key inflammatory genes, as well as
the secretion of inflammatory cytokines in the macrophages
and rat serum. However, further research on animal models
of inflammation are required to confirm the potential appli-
cation of this SSRI as an anti-inflammatory medicine in the
future.
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