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Abstract
There are accumulating reports regarding poor response to the common antidepressant therapy.
Antidepressant resistance has often been associated with activation of the in�ammatory system.
Accordingly, major depressive disorder (MDD) patients displaying in�ammation prior to the treatment are
less responsive to antidepressants. We hypothesized that the ine�cacy of antidepressant therapy in
some patients could be due to the drugs’ in�ammatory mode of action that remained overshadowed by
their substantial therapeutic value. Bupropion is a common-used antidepressant that is prescribed for
seasonal affective disorders and smoking cessation as well. Nevertheless, there are some reports
regarding in�ammation induction and depressive behavior exacerbation in response to bupropion. Here,
we put a spot on bupropion and investigate the alterations of innate and adaptive immunity cytokines
and the in�uence on immune signaling pathways. Therefore, we treated LPS-stimulated human
peripheral mononuclear cells (PBMCs) with different doses of bupropion. Pro-/ anti-in�ammatory
cytokines (TNF- , IL-1ß, IL-17, and IL-10) on both transcriptional and translational levels are assessed as
well as the involvement of the JAK2 /STAT3, TLR2, and TLR4 signaling in this process. Bupropion
decreased IL-17A, TNF- , and IL-1ß protein levels in the cultures. Nonetheless, the results regarding the
target genes expression were controversial. Surprisingly, TNF-  and IL-17A genes expression increased
following bupropion treatment. TLR2, TLR4, JAK2, and STAT3 gene expression also rose in response to
bupropion. Our �ndings suggest that bupropion possesses pro-in�ammatory properties especially at
concentrations of 50 and 100 and would rather be co-administrated with anti-in�ammatory agents at
least in patients with in�ammatory conditions. 

Introduction
The interactions between the immune and nervous systems are the major concern of
psychoneuroimmunology. Current literature repeatedly highlighted the role of in�ammation in depression
pathogenesis and relapse (Arteaga-Henríquez et al., 2019, Liu et al., 2019). Regarding, cytokine
production pattern is indicated to be dysregulated in MDD patients with in�ammatory etiology. Several
meta-analyses reported elevated levels of TNF- , IL6, and IL-1ß in the blood and brain of MDD patients
(Ma�oletti et al., 2020, Medina-Rodriguez et al., 2018). IL-17 role in the pathophysiology of depression is
also established (Jha et al., 2017). Furthermore, mild stimulation of the immune system with
lipopolysaccharides (LPS) could induce the symptoms of depression (DellaGioia et al., 2013, Tsai et al.,
2014). Therefore, the contribution of in�ammatory signaling pathways to the pathophysiology of the
disorder also took into consideration in recent documentations. In this regard, studies reported an
imbalanced toll-like receptor (TLR)-mediated in�ammatory response in MDD. TLR4 mRNA and protein
levels were found to be increased in both the periphery and CNS of MDD patients (Hung et al., 2017,
Medina-Rodriguez et al., 2018). The Janus kinase/signal transducer and activator of transcription
(JAK/STAT) in�ammatory signaling pathway is also proposed to be pathologically linked to depression
(Shariq et al., 2018). Regarding, evidence indicated that JAK2/STAT3 is crucial to neuroimmune system
maintenance.



Page 3/17

Antidepressants are believed to shift the immune balance toward anti-in�ammatory responses. However,
provocation of in�ammatory responses (e.g. increased TNF-  and IL-6 levels) under treatment with
serotonin and norepinephrine reuptake inhibitors (SNRIs) have been reported previously in both human
and mouse models (Medina-Rodriguez et al., 2018). Despite the development of various classes of
antidepressants, over 30% of patients don’t achieve remission and 60% of remitted patients develop a
new depressive episode (Liu et al., 2019, Ma�oletti et al., 2020). Recent studies suggest that
in�ammatory status prior to the treatment determines the success of medication in MDD patients at least
in the in�ammatory form of the disease (Arteaga-Henríquez et al., 2019). Moreover, MDD patients with
multiple failed antidepressant treatments showed higher plasma levels of TNF and IL-6 (Haroon et al.,
2018). Despite the existence of relatively large data discussing cytokine protein levels as immune system
mediators in response to antidepressants, expression of correlated genes following antidepressant
administration has remained disregarded.

During systemic in�ammation, pro-in�ammatory cytokines can pass through leaky parts of blood-brain
barrier and induce neuroin�ammation. Penetrating the brain, cytokines modulate the synthesis, release,
and reuptake of neurotransmitters relevant to the mood including serotonin, norepinephrine, and
dopamine (Li et al., 2017). Evidence implied that bupropion decreases IL-1ß, TNF- , and IFN-γ levels while
increases IL-10 levels (Martino et al., 2012). Given that bupropion is a norepinephrine–dopamine reuptake
inhibitor (NDRI) and a serotonin (5-HT) type 3A receptor inhibitor possessing anti-in�ammatory properties
(Stuebler and Jansen, 2020), it is expected to have a double point advantage as an antidepressant.
Meanwhile, in an animal study conducted by Helaly et al, bupropion exerted an in�ammatory effect at
therapeutic doses evidenced by positive NF-κB/ p65 stained microglia and neurocytes, obvious
in�ammation in hippocampus along with a moderate rise in the mean of serum IL- 6 levels (Helaly et al.,
2018). Moreover, the association between bupropion administration and a couple of in�ammatory
conditions is stated in a considerable number of case reports (Akpinar et al., 2013, García et al., 2013,
Jumez et al., 2004, Yuan and Williams, 2011). Some investigations have also stated the possibility of
bupropion-induced psychotic symptoms (Kumar et al., 2011).

Based on the aforementioned observations, we hypothesize that the absence of the desired response to
antidepressants, in our case bupropion, in some patients could be due to the not previously-noticed pro-
in�ammatory properties of the drug. To test the hypothesis, we evaluated the modulation of protein and
gene expression of TNF- , IL-1ß, IL-17, and IL-10 by bupropion. Gene expression of immunomodulatory
signaling molecules including TLR2, TLR4, JAK2, and STAT3 was also assessed.

Matrial And Methods

PBMC isolation, culture, and treatment
Mutual interaction of microglia and immune cells is indicated to be present in depression. Therefore
concerning microglia’s central role in the development of depressive behavior, studies represented MDD
as a microgliopathy (Deng et al., 2020). Microglia are the present immune cells of the central nervous
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system and despite some differences, they share a similar progeny with peripheral immune cells. Given
their similar progeny, microglia-like cells have been induced from the human peripheral blood monocyte
cells in culture (Etemad et al., 2012, Ohgidani et al., 2014). Therefore, PBMCs response could re�ect the
drug impact on both peripheral and microglia in patients as previously indicated (Arosio et al., 2014).
Furthermore, according to the literature in�ammatory status of the monocytes in MDD patients
determines the response rates to some antidepressants (Arteaga-Henríquez et al., 2019). Therefore, we
chose the PBMCs model to explore bupropion immunomodulatory effects. PBMCs were isolated from the
whole blood collected from 5 healthy volunteers via Ficoll (Baharafshan, Iran) gradient centrifugation and
washed three times subsequently with RPMI-1640 medium (BioIdea, Iran). Cells were suspended in RPMI
1640 medium thereafter (supplemented with 100 U of penicillin/ml, 100 µg/ml streptomycin, 2 mM L-
glutamine, and 10% Fetal Bovine Serum FBS) (FBS, Biochrom, Berlin, Germany). The cell viability was
evaluated using trypan blue (Innoclon, Iran), and cells with a viability of more than 95% were selected for
culture. Cells were transferred in duplicate into the wells of a 96-well microplate at the densities of 104

cells/well. The microculture plate was incubated at 37ºC under 5% CO2 with 90% humidity. To induce cell
proliferation, phytohemagglutinin (10 µg/ml) (PHA, Sigma-Aldrich, USA) was added to the wells in the
presence or absence of bupropion. LPS (100 ng/ml) was also added to the test culture and incubated at
37°C, 5% CO2, for 24 hours. Finally, bupropion was administered to PBMCs at different concentrations
(25, 50, 100, 200 µM). Following 48-hour incubation, plates were centrifuged at 1700 RPM for 10 minutes,
and Supernatants get collected.

Cytokine Array and Enzyme-Linked Immunosorbent Assay
(ELISA)
After 72 h co-treatment of cells with PHA + LPS and bupropion, the plate was centrifuged for 10 min, the
supernatant removed, and get aliquoted. Cytokines concentration of IL-1β, IL-17, TNFα, and IL-10 were
determined using ELISA kits (R&D Systems, US) according to the manufacturer's protocol. Optical density
measurements took at 450 nm.

RNA isolation and RT-PCR
Total RNA isolated from 200 µL bupropion treated and untreated PBMCs using Total RNA Mini Kit
(Yektatajhiz, Iran) and cDNA synthesized afterward using a cDNA synthesis kit (Yektatajhiz, Iran)
according to the manufacturer’s instruction. Relative mRNA expression of target genes including tumor
necrosis factor-a (TNF-a), Interleukine1(IL-1β), Janus Kinase 2 (JAK2), and Signal transducer and
activator of transcription 3 (STAT3) quanti�cation conducted on Step One Plus real-time polymerase
chain reaction (PCR) system (Applied Biosystems, ABI, Foster City, CA, USA) using SYBR Green qPCR
Master Mix (Applied Biosystems, ABI, Foster City, CA, USA). β-actin mRNA levels used for results’
normalization. Primer sequences are mentioned in Table 1.
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Table 1
qPCR primer sequences

Primer Forward Reverse

-actin β 5'- CTGGAACGGTGAAGGTGACA − 3' 5'- AAGGGACTTCCTGTAACAATGCA − 3'

TLR2 5'- GGGTTGAAGCACTGGACAAT − 3' 5'- TTCTTCCTTGGAGAGGCTGA − 3'

TLR4 5'- TGGAAGTTGAACGAATGGAATGTG − 3' 5'- ACCAGAACTGCTACAACAGATACT − 3'

JAK2 5'- CCGATCTGTGTAGCCGGTTT − 3' 5'- GTAAGGCAGGCCATTCCCAT − 3'

STAT3 5'- TCCTGAAGCTGACCCAGGTA − 3 5'- TCCTCACATGGGGGAGGTAG − 3

IL-1-ß 5'- CAGAAGTACCTGAGCTCGCC − 3 5'- AGATTCGTAGCTGGATGCCG − 3

TNF- 5'- CCGATGGGTTGTACCTTGTC − 3 5'- GTGGGTGAGGAGCACGTAGT − 3

IL-17 5'- TGGAGGCCATAGTGAAGG − 3 5'- TAGTGCTGAGGAGATGTTGC − 3

IL-10 5'- ACCTCGACTCGCCTACAAAG − 3 5'- GGCCACATGGTGGACAAT − 3

Statistical Analysis
Statistical analysis performed using GraphPad Prism 6.07 Software. Data analyzed performing one way
analysis of variance (ANOVA) followed by Sidak's multiple comparisons test. Data presented as mean ± 
Standard Deviation (SD). A P value of less than 0.05 was considered statistically signi�cant.

Results

Bupropion effect on concentration of target cytokines in
PBMCs culture
To discover the alterations in pro-in�ammatory cytokines pro�le in response to bupropion, LPS-PHA
treated peripheral blood mononuclear cells get treated with different concentrations of bupropion. As
depicted in graphs (Fig. 1A-C), bupropion administration signi�cantly decreased the secretion of pro-
in�ammatory cytokines including TNF- , IL-1ß, and IL-17 levels in media assessed by ELISA. We further
evaluated the levels of anti-in�ammatory cytokine IL-10; bupropion treatment resulted in a signi�cant
increase in IL-10 concentration in the test cell culture (Fig. 1D).

Bupropion effect on gene expression of target cytokines in
PBMCs culture
In search of the in�ammatory response to bupropion treatment at the gene expression level, we assessed
the relative expression of pro-in�ammatory interleukins performing real-time PCR. Interestingly, mRNA
levels of pro-in�ammatory cytokines including TNF- , IL-1ß, and IL-17 were upregulated in cultures
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following bupropion incubation (Fig. 2A-C). Bupropion treatment also increased mRNA levels of IL-10
compared to the untreated culture (Fig. 2D).

Bupropion effect on the gene expression of TLR2 and TLR4
TLRs are key components of innate immunity and orchestrate immune responses by inducing the
production of many cytokines. Concerning the recognized role of TLR2, TLR4 in depression, and as the
representative of innate and adaptive immunity we focused on TLR2, TLR4 signaling pathways.
Bupropion addition to LPS-treated PBMCs signi�cantly increased gene expression of both receptors
(Fig. 3).

Tropisetron effect on the gene expression of JAK2 and
STAT3
Several cytokines signal through the Janus kinase/signal transducer and activator of transcription
(JAK/STAT) pathway which is involved in the development and modulation of immune responses.
Among the human JAK four family members, JAK2 is the most common kinase activated by two-thirds
of ligands. Following activation, STAT3 can promote the production of both in�ammatory cytokines like
IL-17 and IL-6 and anti-in�ammatory cytokines (like TGF-β and IL-10) (Seif et al., 2017). We focused on
this kinase and related transcription factor to elucidate the molecular signaling pathway that might
account for the bupropion immunomodulatory actions. Bupropion treatment led to a considerable rise in
gene expression of JAK2 at 50 and 100 concentrations (Fig. 4A). We also found out that LPS-treated
PBMCs signi�cantly enhanced STAT3 gene expression in the presence of bupropion (Fig. 4B).

Dose-related effects of bupropion
Based on our �ndings, bupropion immunomodulatory effect varied depending on the concentration.
Results demonstrated that bupropion exerts the most in�ammatory action in 50 and 100 µM evidenced
by a sharp increase in mRNA levels of target pro-in�ammatory cytokines (TNF- , IL-1ß, and IL-17) and
considerable upregulation of TLR2, TLR4, JAK2, and STAT3 genes.

Discussion
Bupropion is a common antidepressant that has been prescribed for over 20 years as a sole
antidepressant or with other classes of antidepressants. Meanwhile, literature has reported the low
response rates to bupropion in the patients with treatment-refractory depression (Patel et al., 2016). Low-
grade in�ammation is believed to be involved in the poor responsiveness to regular antidepressants
(Arteaga-Henríquez et al., 2019). Moreover, despite the repeatedly mentioned anti-in�ammatory effects,
some controversies are reported regarding bupropion action including the development of some
in�ammatory abnormalities such as type 1 hypersensitivity reactions (erythema multiformeis) and serum
sickness-like reaction (Ce�e and Yazici, 2006, Evrensel and Ceylan, 2015). Moreover, Eller et al observed
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elevated levels of IL-8 in response to bupropion (Eller et al., 2009). Bupropion administration also failed to
lower interleukins secretion in monocyte-derived macrophages collected from HIV positive women
(Delgado-Vélez et al., 2015). Therefore, we sought to determine bupropion in�ammatory effects and
underlying pathways in LPS-stimulated PBMCs. Present results revealed that bupropion might induce
in�ammatory responses via upregulation of TLR2, TLR4, JAK2, and STAT3 and consequently the pro-
in�ammatory cytokines gene expression.

In consistence with previous reports (Brustolim et al., 2006, Cámara-Lemarroy et al., 2013), bupropion
inhibited secretion of TNF- , IL-1-ß by LPS-stimulated PBMCs. Data addressing transcriptional changes in
cytokine genes following bupropion administration is almost scarce. Surprisingly, bupropion increased
mRNA levels of TNF- , IL-1-ß, in the present study. However, in an animal study conducted by Helaly et al
TNF-  gene expression reported being down-regulated by bupropion (Helaly et al., 2018). Studies
concerning changes in IL-17 levels in response to bupropion are limited. In 2013 Kim et al failed to �nd a
signi�cant change in IL-17 levels under bupropion treatment (Kim et al., 2013). However, an interesting
study indicated that a higher baseline IL-17 level is associated with a greater reduction in depression
severity in a bupropion-SSRI treatment arm (Jha et al., 2017). Assessing IL-17A expression at both
translational and transcriptional levels, we �gured out that bupropion signi�cantly increased the cytokine
gene expression whereas it somehow inhibited the protein levels. Th17 cells and its major cytokine
product, IL-17A, promote activation of microglia and astrocytes that may contribute to the
neuroin�ammation, neuronal damage, and consequently lead to depression. In addition to the Th17 cells,
CD8 + cells, invariant natural killer T cells, monocytes, neutrophils, and γδ T cells also secrete IL-17A. IL-
17A facilitates monocyte penetration through the blood-brain barrier, enhances the blood-brain barrier
permeability, and extends the damage by attracting cytokine-producing cells (Slyepchenko et al., 2016).
Reaching the brain, IL-17A can activate microglia via present IL-17 receptors and indirectly induce the
release of cytokines and chemokines that exacerbates the in�ammation.

The abnormally high level of pro-in�ammatory cytokines in MDD re�ects the overactive TLR-mediated
signaling. Evidence indicated that both protein and mRNA expression of TLRs including TLR2 and TLR4
are higher in the central nervous system and peripheral blood of depressed patients. Bupropion capability
to attenuate the deregulated expression of TLR4 and TLR2 has been suggested by few studies (Hung et
al., 2016, Rashidian et al., 2020). However, our obtained results concerning TLR4 expression pro�le
differed depending on the drug concentration. Bupropion inhibited TLR4 expression at 25 and 200 µM,
though it enhanced TLR4 expression at 100 µM. Bupropion also increased TLR2 gene expression in
stimulated PBMCs. Microglia, the immune cells of the brain, also express TLR2 and TLR4 and provide
pro-/anti-in�ammatory cytokines as mediators for the neuroimmune system. Moreover, microglia showed
an enhanced response to cytokines in MDD patients. In�ammation-induced by the activation of TLRs in
microglia plays a substantial part in the pathology of depression (Liu et al., 2014, Nie et al., 2018).
Furthermore, TLR4 mRNA and protein reported being higher in both the periphery and CNS of MDD
patients (Medina-Rodriguez et al., 2018). J. Hines et al demonstrated that intraperitoneal injection of Tat-
TLR4 interfering peptides improves LPS-induced sickness behavior, an important contributor to the
occurrence of depressive-like behavior, via rescuing the microglia morphology changes and cytokine
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production that are normally induced by LPS (Hines et al., 2013). More importantly, negative regulators of
the TLR signaling pathway have been suggested as potential predictive biomarkers of response to
antidepressant treatment.

In search of signaling pathways underlying bupropion immunomodulatory action, Tsai et al reported that
bupropion did not affect LPS-induced phospho-p65 and phospho-JNK, and phospho-ERK and phospho-
p38 expression in THP-1 cells (Tsai et al., 2014). Besides the well-known role in the peripheral immune
responses, a growing body of evidence proposed that the JAK2-STAT3 signaling pathway is associated
with neuroin�ammation. JAK2-STAT3 signaling and consequent secretion of TNF-α and IL-1β by
microglia promote neuronal death and can consequently result in anxiety and depression (Li et al., 2017,
Yin et al., 2018). JAK2 and STAT3 genes stated being over-expressed in both MDD patients and mice
model with in�ammation- induced depressive behavior (Cattaneo et al., 2020, Gonzalez-Pena et al.,
2016). Blocking JAK2-STAT3 signaling inhibited pro-in�ammatory cytokines release and attenuated
neuroin�ammation caused by activated microglia (Nabavi et al., 2019). Moreover, intrathecal injection of
a JAK2-STAT3 cascade inhibitor considerably normalized the spinal in�ammatory pro�le caused by
peripheral in�ammation (Liu et al., 2016, Wang et al., 2014). JAK2-STAT3inhibitors have been proposed
as a bene�cial strategy in the treatment of depression (Kwon et al., 2017, Lou et al., 2019, Shariq et al.,
2018). Therefore, we investigated the gene expression of JAK2 and STAT3 in LPS-treated PBMCs after
bupropion treatment. JAK2 expression was upregulated at 50 and 100 µM concentrations of the drug.
STAT3 expression was also increased considerably at all concentrations of bupropion.

Taken together bupropion might contribute to peripheral and CNS in�ammation via modulating
TLR2/TLR4 and JAK2/STAT3 signaling pathways, particularly at moderate concentrations. We
concluded that lack of expected response to bupropion in MDD patients with in�ammatory etiology could
be due to this unnoticed mode of action. Therefore, bupropion would better get administrated with anti-
in�ammatory agents. In con�rmation of our results, studies demonstrated that bupropion combination
with anti-in�ammatory agents yielded a better outcome (Maciel et al., 2013, Sachinvala et al., 2020). Of
note, bupropion is an antidepressant with complex mechanisms of action including the recently
discovered effect on the serotonin receptors. Dopamine, norepinephrine, acetylcholine, and serotonin
each exert a speci�c immunomodulatory effect. Therefore, more comprehensive studies should get
conducted to understand the net immunomodulatory effect of bupropion under both in�ammatory and
immunologically-balanced status in patients with depressive-like behavior. Our �ndings also notify the
importance of a personalized medication approach in MDD patients regarding bupropion prescription.

Declarations
ACKNOWHEDMENTS

We thank all people in Shahid Sadoughi University of medical sciences who kindly help us to perform this
investigation.

CONFLICT OF INTEREST



Page 9/17

The authors declare that there are no con�icts of interest.

FUNDING

This research did not receive any speci�c grant from funding agencies in the public, commercial, or not-
for-pro�t sectors.

DATA AVALABILITY STATEMENT

The data that support the �ndings of this study are available from the corresponding author upon
reasonable request.

CODE AVAILABILITY

Not applicable.

ETHICAL STATEMENT

It is important to note that the volunteers gave consent to take part in the study. Tests with the use of
human samples have been approved by University ethical committee with ethical code:
ir.ssu.medicine.rec.1395.337.

References
1. AKPINAR, A., CEYHAN, M. A. & YAMAN, A. R. 2013. Psoriasis triggered by bupropion in a patient with

major depression. Psychiatry and Behavioral Sciences, 3, 186.

2. AROSIO, B., D'ADDARIO, C., GUSSAGO, C., CASATI, M., TEDONE, E., FERRI, E., NICOLINI, P., ROSSI, P. D.,
MACCARRONE, M. & MARI, D. 2014. Peripheral blood mononuclear cells as a laboratory to study
dementia in the elderly. BioMed research international, 2014.

3. ARTEAGA-HENRÍQUEZ, G., SIMON, M. S., BURGER, B., WEIDINGER, E., WIJKHUIJS, A., AROLT, V.,
BIRKENHAGER, T. K., MUSIL, R., MÜLLER, N. & DREXHAGE, H. A. 2019. Low-grade in�ammation as a
predictor of antidepressant and anti-in�ammatory therapy response in MDD patients: a systematic
review of the literature in combination with an analysis of experimental data collected in the EU-
Moodin�ame Consortium. Frontiers in psychiatry, 10.

4. BRUSTOLIM, D., RIBEIRO-DOS-SANTOS, R., KAST, R., ALTSCHULER, E. & SOARES, M. B. P. 2006. A
new chapter opens in anti-in�ammatory treatments: the antidepressant bupropion lowers production
of tumor necrosis factor-alpha and interferon-gamma in mice. International immunopharmacology,
6, 903-907.

5. CÁMARA-LEMARROY, C., GUZMÁN-DE LA GARZA, F., CORDERO-PÉREZ, P., ALARCÓN-GALVÁN, G.,
IBARRA-HERNÁNDEZ, J., MUÑOZ-ESPINOSA, L. & FERNÁNDEZ-GARZA, N. Bupropion reduces the
in�ammatory response and intestinal injury due to ischemia-reperfusion. Transplantation
proceedings, 2013. Elsevier, 2502-2505.



Page 10/17

�. CATTANEO, A., FERRARI, C., TURNER, L., MARIANI, N., ENACHE, D., HASTINGS, C., KOSE, M.,
LOMBARDO, G., MCLAUGHLIN, A. P. & NETTIS, M. A. 2020. Whole-blood expression of
in�ammasome-and glucocorticoid-related mRNAs correctly separates treatment-resistant depressed
patients from drug-free and responsive patients in the BIODEP study. Translational psychiatry, 10, 1-
14.

7. CEFLE, A. & YAZICI, A. 2006. Bupropion hydrochloride induced serum sickness-like reaction.

�. DELGADO‐VÉLEZ, M., BÁEZ‐PAGÁN, C. A., GERENA, Y., QUESADA, O., SANTIAGO‐PÉREZ, L. I., CAPÓ‐
VÉLEZ, C. M., WOJNA, V., MELÉNDEZ, L., LEÓN‐RIVERA, R. & SILVA, W. 2015. The α7‐nicotinic
receptor is upregulated in immune cells from HIV‐seropositive women: consequences to the
cholinergic anti‐in�ammatory response. Clinical & translational immunology, 4, e53.

9. DELLAGIOIA, N., DEVINE, L., PITTMAN, B. & HANNESTAD, J. 2013. Bupropion pre-treatment of
endotoxin-induced depressive symptoms. Brain, behavior, and immunity, 31, 197-204.

10. DENG, S.-L., CHEN, J.-G. & WANG, F. 2020. Microglia: a central player in depression. Current medical
science, 40, 391-400.

11. ELLER, T., VASAR, V., SHLIK, J. & MARON, E. 2009. Effects of bupropion augmentation on pro-
in�ammatory cytokines in escitalopram-resistant patients with major depressive disorder. Journal of
Psychopharmacology, 23, 854-858.

12. ETEMAD, S., ZAMIN, R. M., RUITENBERG, M. J. & FILGUEIRA, L. 2012. A novel in vitro human
microglia model: characterization of human monocyte-derived microglia. Journal of neuroscience
methods, 209, 79-89.

13. EVRENSEL, A. & CEYLAN, M. E. 2015. Letters to the Editor: Bupropion-Induced Erythema Multiforme.
Annals of Dermatology, 27, 334-335.

14. GARCÍA, M., RUIZ, B., AGUIRRE, C., ETXEGARAI, E. & LERTXUNDI, U. 2013. Eosinophilia associated
with bupropion. International journal of clinical pharmacy, 35, 532-534.

15. GONZALEZ-PENA, D., NIXON, S. E., O’CONNOR, J. C., SOUTHEY, B. R., LAWSON, M. A., MCCUSKER, R.
H., BORRAS, T., MACHUCA, D., HERNANDEZ, A. G. & DANTZER, R. 2016. Microglia transcriptome
changes in a model of depressive behavior after immune challenge. PloS one, 11, e0150858.

1�. HAROON, E., DAGUANNO, A. W., WOOLWINE, B. J., GOLDSMITH, D. R., BAER, W. M., WOMMACK, E. C.,
FELGER, J. C. & MILLER, A. H. 2018. Antidepressant treatment resistance is associated with
increased in�ammatory markers in patients with major depressive disorder.
Psychoneuroendocrinology, 95, 43-49.

17. HELALY, A., MOKHTAR, N., FIRGANY, A. E.-D. L., HAZEM, N. M., EL MORSI, E. & GHORAB, D. 2018.
Molybdenum bupropion combined neurotoxicity in rats. Regulatory Toxicology and Pharmacology,
98, 224-230.

1�. HINES, D. J., CHOI, H. B., HINES, R. M., PHILLIPS, A. G. & MACVICAR, B. A. 2013. Prevention of LPS-
induced microglia activation, cytokine production and sickness behavior with TLR4 receptor
interfering peptides. PloS one, 8, e60388.



Page 11/17

19. HUNG, Y.-Y., HUANG, K.-W., KANG, H.-Y., HUANG, G. Y.-L. & HUANG, T.-L. 2016. Antidepressants
normalize elevated Toll-like receptor pro�le in major depressive disorder. Psychopharmacology, 233,
1707-1714.

20. HUNG, Y.-Y., LIN, C.-C., KANG, H.-Y. & HUANG, T.-L. 2017. TNFAIP3, a negative regulator of the TLR
signaling pathway, is a potential predictive biomarker of response to antidepressant treatment in
major depressive disorder. Brain, behavior, and immunity, 59, 265-272.

21. JHA, M. K., MINHAJUDDIN, A., GADAD, B. S., GREER, T. L., MAYES, T. L. & TRIVEDI, M. H. 2017.
Interleukin 17 selectively predicts better outcomes with bupropion-SSRI combination: Novel T cell
biomarker for antidepressant medication selection. Brain, behavior, and immunity, 66, 103-110.

22. JUMEZ, N., DEREURE, O., BESSIS, D. & GUILLOT, B. 2004. Flare of cutaneous lupus erythematosus
induced by bupropion (Zyban®). Dermatology, 208, 362-362.

23. KIM, J.-W., KIM, Y.-K., HWANG, J.-A., YOON, H.-K., KO, Y.-H., HAN, C., LEE, H.-J., HAM, B.-J. & LEE, H. S.
2013. Plasma levels of IL-23 and IL-17 before and after antidepressant treatment in patients with
major depressive disorder. Psychiatry investigation, 10, 294.

24. KUMAR, S., KODELA, S., DETWEILER, J. G., KIM, K. Y. & DETWEILER, M. B. 2011. Bupropion-induced
psychosis: folklore or a fact? A systematic review of the literature. General hospital psychiatry, 33,
612-617.

25. KWON, S.-H., HAN, J.-K., CHOI, M., KWON, Y.-J., KIM, S. J., YI, E. H., SHIN, J.-C., CHO, I.-H., KIM, B.-H. &
KIM, S. J. 2017. Dysfunction of Microglial STAT3 Alleviates Depressive Behavior via Neuron–
Microglia Interactions. Neuropsychopharmacology, 42, 2072-2086.

2�. LI, X.-J., MA, Q.-Y., JIANG, Y.-M., BAI, X.-H., YAN, Z.-Y., LIU, Q., PAN, Q.-X., LIU, Y.-Y. & CHEN, J.-X. 2017.
Xiaoyaosan exerts anxiolytic-like effects by down-regulating the TNF-α/JAK2-STAT3 pathway in the
rat hippocampus. Scienti�c reports, 7, 1-13.

27. LIU, C.-H., ZHANG, G.-Z., LI, B., LI, M., WOELFER, M., WALTER, M. & WANG, L. 2019. Role of
in�ammation in depression relapse. Journal of neuroin�ammation, 16, 1-11.

2�. LIU, J., BUISMAN-PIJLMAN, F. & HUTCHINSON, M. R. 2014. Toll-like receptor 4: innate immune
regulator of neuroimmune and neuroendocrine interactions in stress and major depressive disorder.
Frontiers in neuroscience, 8, 309.

29. LIU, S., LI, Q., ZHANG, M.-T., MAO-YING, Q.-L., HU, L.-Y., WU, G.-C., MI, W.-L. & WANG, Y.-Q. 2016.
Curcumin ameliorates neuropathic pain by down-regulating spinal IL-1β via suppressing astroglial
NALP1 in�ammasome and JAK2-STAT3 signalling. Scienti�c reports, 6, 1-14.

30. LOU, D., WANG, J. & WANG, X. 2019. miR-124 ameliorates depressive-like behavior by targeting
STAT3 to regulate microglial activation. Molecular and Cellular Probes, 48, 101470.

31. MACIEL, I. S., SILVA, R. B., MORRONE, F. B., CALIXTO, J. B. & CAMPOS, M. M. 2013. Synergistic
effects of celecoxib and bupropion in a model of chronic in�ammation-related depression in mice.
PLoS One, 8, e77227.

32. MAFFIOLETTI, E., MINELLI, A., TARDITO, D. & GENNARELLI, M. 2020. Blues in the brain and beyond:
Molecular bases of major depressive disorder and relative pharmacological and non-



Page 12/17

pharmacological treatments. Genes, 11, 1089.

33. MARTINO, M., ROCCHI, G., ESCELSIOR, A. & FORNARO, M. 2012. Immunomodulation mechanism of
antidepressants: interactions between serotonin/norepinephrine balance and Th1/Th2 balance.
Current neuropharmacology, 10, 97-123.

34. MEDINA-RODRIGUEZ, E. M., LOWELL, J. A., WORTHEN, R. J., SYED, S. A. & BEUREL, E. 2018.
Involvement of innate and adaptive immune systems alterations in the pathophysiology and
treatment of depression. Frontiers in neuroscience, 12, 547.

35. NABAVI, S. M., AHMED, T., NAWAZ, M., DEVI, K. P., BALAN, D. J., PITTALÀ, V., ARGÜELLES-CASTILLA,
S., TESTAI, L., KHAN, H. & SUREDA, A. 2019. Targeting STATs in neuroin�ammation: The road less
traveled! Pharmacological research, 141, 73-84.

3�. NIE, X., KITAOKA, S., TANAKA, K., SEGI-NISHIDA, E., IMOTO, Y., OGAWA, A., NAKANO, F., TOMOHIRO, A.,
NAKAYAMA, K. & TANIGUCHI, M. 2018. The innate immune receptors TLR2/4 mediate repeated
social defeat stress-induced social avoidance through prefrontal microglial activation. Neuron, 99,
464-479. e7.

37. OHGIDANI, M., KATO, T. A., SETOYAMA, D., SAGATA, N., HASHIMOTO, R., SHIGENOBU, K., YOSHIDA, T.,
HAYAKAWA, K., SHIMOKAWA, N. & MIURA, D. 2014. Direct induction of rami�ed microglia-like cells
from human monocytes: dynamic microglial dysfunction in Nasu-Hakola disease. Scienti�c reports,
4, 1-7.

3�. PATEL, K., ALLEN, S., HAQUE, M. N., ANGELESCU, I., BAUMEISTER, D. & TRACY, D. K. 2016. Bupropion:
a systematic review and meta-analysis of effectiveness as an antidepressant. Therapeutic Advances
in Psychopharmacology, 6, 99-144.

39. RASHIDIAN, A., DEJBAN, P., FARD, K. K., ABDOLLAHI, A., CHAMANARA, M., DEHPOUR, A. &
HASANVAND, A. 2020. Bupropion Ameliorates Acetic Acid–Induced Colitis in Rat: the Involvement of
the TLR4/NF-kB Signaling Pathway. In�ammation, 43, 1999-2009.

40. SACHINVALA, N. D., TERAMOTO, N. & STERGIOU, A. 2020. Proposed neuroimmune roles of dimethyl
fumarate, bupropion, S-adenosylmethionine, and vitamin D3 in affording a chronically Ill patient
sustained relief from in�ammation and major depression. Brain Sciences, 10, 600.

41. SEIF, F., KHOSHMIRSAFA, M., AAZAMI, H., MOHSENZADEGAN, M., SEDIGHI, G. & BAHAR, M. 2017.
The role of JAK-STAT signaling pathway and its regulators in the fate of T helper cells. Cell
communication and signaling, 15, 1-13.

42. SHARIQ, A. S., BRIETZKE, E., ROSENBLAT, J. D., PAN, Z., RONG, C., RAGGUETT, R.-M., PARK, C. &
MCINTYRE, R. S. 2018. Therapeutic potential of JAK/STAT pathway modulation in mood disorders.
Reviews in the Neurosciences, 30, 1-7.

43. SLYEPCHENKO, A., MAES, M., KÖHLER, C. A., ANDERSON, G., QUEVEDO, J., ALVES, G. S., BERK, M.,
FERNANDES, B. S. & CARVALHO, A. F. 2016. T helper 17 cells may drive neuroprogression in major
depressive disorder: proposal of an integrative model. Neuroscience & Biobehavioral Reviews, 64, 83-
100.



Page 13/17

44. STUEBLER, A. G. & JANSEN, M. 2020. Bupropion inhibits serotonin type 3AB heteromeric channels at
clinically relevant concentrations. Molecular Pharmacology, 97, 171-179.

45. TSAI, J.-H., KUO, C.-H., YANG, P., CHENG, K.-H., WANG, P.-W., CHEN, C.-C. & HUNG, C.-H. 2014. Effects
of antidepressants on IP-10 production in LPS-activated THP-1 human monocytes. International
journal of molecular sciences, 15, 13223-13235.

4�. WANG, Z.-F., LI, Q., LIU, S.-B., MI, W.-L., HU, S., ZHAO, J., TIAN, Y., MAO-YING, Q.-L., JIANG, J.-W. & MA,
H.-J. 2014. Aspirin-triggered Lipoxin A4 attenuates mechanical allodynia in association with
inhibiting spinal JAK2/STAT3 signaling in neuropathic pain in rats. Neuroscience, 273, 65-78.

47. YIN, L., DAI, Q., JIANG, P., ZHU, L., DAI, H., YAO, Z., LIU, H., MA, X., QU, L. & JIANG, J. 2018. Manganese
exposure facilitates microglial JAK2-STAT3 signaling and consequent secretion of TNF-a and IL-1β
to promote neuronal death. Neurotoxicology, 64, 195-203.

4�. YUAN, W. & WILLIAMS, B. N. 2011. Monoarthritis Induced by Bupropion Hydrochloride.
Psychopharmacology bulletin, 44, 85.

Figures



Page 14/17

Figure 1

Bupropion effect on the secretion of the pro-/anti-in�ammatory cytokines. Bupropion treatment
signi�cantly suppressed (A) IL-1ß, (B) TNF- , and (C) IL-17 concentration while increased the (D) IL-10
levels in PBMCs media. The results are presented as mean ± S.D, ∗ p < 0.05, ∗∗∗ p < 0.001, and ∗∗∗∗
P < 0.0001. Statistical analysis was performed by one-way analysis of variance (ANOVA) followed by the
Sidak's multiple comparisons test.
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Figure 2

Bupropion effect on gene expression of target cytokines. Bupropion signi�cantly enhanced the gene
transcription of (A) IL-1ß, (B) TNF- , (C) IL-17, and (D) IL-10. Fold changes are calculated with the 2−∆∆Ct
method. The results are presented as mean ± S.D, ∗ p < 0.05, ∗∗∗p < 0.001, and ∗∗∗∗ P < 0.0001.
Statistical analysis was performed by one-way analysis of variance (ANOVA) followed by the Sidak's
multiple comparisons test.
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Figure 3

Bupropion effect on gene expression of TLRs. Treatment of LPS+PHA-stimulated cells with bupropion
promoted the mRNA expression of (A) TLR2 and (B) TLR4. Fold changes are calculated with the 2−∆∆Ct
method. The results are presented as mean ± S.D, ∗ p < 0.05, ∗∗∗p < 0.001, and ∗∗∗∗ P < 0.0001.
Statistical analysis was performed by one-way analysis of variance (ANOVA) followed by the Sidak's
multiple comparisons test.

Figure 4
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Bupropion effect on gene expression of JAK2 /STAT3. Treatment of LPS+PHA-stimulated cells with
bupropion promoted the mRNA levels of (A) JAK2 and (B) STAT3. Fold changes are calculated with the
2−∆∆Ct method. The results are presented as mean ± S.D, ∗ p < 0.05, ∗∗∗p < 0.001, and ∗∗∗∗ P <
0.0001. Statistical analysis was performed by one-way analysis of variance (ANOVA) followed by the
Sidak's multiple comparisons test.


