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Abstract

Background

Olanzapine (OLZ) is a second-generation antipsychotic drug used for treatment of schizo-

phrenia, bipolar disorder, and other neuropsychiatric conditions. Undesirable side effects of

OLZ include metabolic alterations associated with chronic oxidative-inflammation events. It

is possible that lithium (Li), a mood modulator that exhibits anti-inflammatory properties may

attenuate OLZ-induced oxi-inflammatory effects.

Methodology

To test this hypothesis we activated RAW 264.7 immortalized macrophages with OLZ and

evaluated oxidation and inflammation at the gene and protein levels. Li and OLZ concentra-

tions were determined using estimated plasma therapeutic concentrations.

Results

OLZ triggered a significant increase in macrophage proliferation at 72 h. Higher levels of oxi-

dative markers and proinflammatory cytokines, such as TNF-α, IL-1β, and IL-6, with a con-

comitant reduction in IL-10, were observed in OLZ-exposed macrophages. Lithium (Li)

exposure triggered a short and attenuated inflammatory response demonstrated by eleva-

tion of superoxide anion (SA), reactive oxygen species (ROS), IL-1β, and cellular prolifera-

tion followed by elevation of anti-inflammatory IL-10 levels. Li treatment of OLZ-

supplemented macrophages was able to reverse elevation of oxidative and inflammatory

markers and increase IL-10 levels.
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Conclusions

Despite methodological limitations related to in vitro protocols, results suggested that Li may

attenuate OLZ-induced oxidative and inflammatory responses that result from metabolic

side effects associated with OLZ.

Introduction

Olanzapine (OLZ) is an atypical antipsychotic drug of the thienobenzodiazepine class. OLZ

blocks multiple neurotransmitter receptors, including D2 and 5-HT3 receptors. OLZ is used to

treat resistant and non-resistant schizophrenia in children and adolescents [1,2], therapeutic

maintenance of bipolar disorder [2,3], management of agitation in adults with progressive

dementia [4], and treatment of Huntington’s Disease [5,6]. Moreover, OLZ is used to attenuate

chemotherapy-induced nausea and vomiting, including in children under 13 years of age [7,8].

OLZ has pleiotropic effects by acting on diverse neurotransmission pathways. However, the

non-specific nature of this antipsychotic drug results in numerous metabolic side effects

including weight gain, dry mouth, somnolence, constipation, and increased appetite. Clinical

studies, such as Ferno et al [9], showed dose-dependent lipogenic effects due 5-HT2C and H1

receptor antagonism after the first 6 weeks of treatment. Furthermore, OLZ causes glycemic

disruptions associated with increased risk of developing type 2 diabetes mellitus. Continuous

use of OLZ has been associated with higher cardiovascular risk [10].

Studies have suggested that chronic inflammatory processes, via macrophages and inflam-

matory cytokines, may be responsible for increased risk of obesity [11]. In fact, oxidative-

inflammatory mechanisms have been hypothesized to play a role in onset of metabolic side

effects associated with OLZ administration [12,13]. This OLZ action involves macrophages

activation, that is a cell presenting in blood and in tissues such as fat-tissue [14–15]. Exposure

of human adipose-derived stem cells to several antipsychotics, including OLZ, resulted in up-

regulation on gene expression and levels of pro-inflammatory cytokines such as IL-1β, NF-κβ,

and IL-8, suggesting a direct effect on the immune system [13].

Furthermore, administration of OLZ for five weeks resulted in weight gain, increased vis-

ceral fat, infiltration of macrophages, and higher TNF-α, IL-1β, and IL-6 levels in rat fat-tissue

[15,16]. OLZ was also able to upregulate macrophage migration inhibitory factor in adipose

tissue reducing lipolysis and increasing lipogenic pathways [17].

Indeed, exposure of human adipose-derived stem cells to several antipsychotics, including

OLZ, resulted in up-regulation on gene expression and levels of pro-inflammatory cytokines

such as IL-1β, NF-κβ, and IL-8, suggesting a direct effect on the immune system [13]. Further-

more, administration of OLZ for 5 weeks resulted in weight gain, increased visceral fat, infil-

tration of macrophages, and increased levels of TNF-α, IL-1β, and IL-6 in rat adipose tissue

and hypothalamus [15].

As polypharmacy is a common clinical practice, investigation of whether psychiatric drugs

with anti-inflammatory properties may attenuate metabolic side effects of pro-inflammatory

drugs when administered simultaneously [18].This is the Lithium (Li) case, that is an efficient

mood modulator molecule concomitantly used in management of acute mania or manic epi-

sodes associated with bipolar disorder [19] and to treat some mixed episodes of major depres-

sive and bipolar disorders [20]. Moreover, the combination of Li plus OLZ has been indicated

to treat some mixed episodes of major depressive and bipolar disorders [2,20]. Previous in

vitro study also suggested that Li could modulate in vitro proinflammatory macrophage
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response exposed to some antidepressant drugs [21]. To test this hypothesis, an in vitro study

was performed her using RAW 264.7 macrophages exposed at different OLZ and Li at a plas-

matic therapeutic range concentration.

Material and methods

Chemicals and equipment

All chemicals and reagents used in this study were analytical grade and purchased from Merck

(Darmstadt, Germany) or Sigma-Aldrich Co. (St. Louis, MO, USA). All experiments were per-

formed using pure Li, obtained from Sigma- Aldrich (St. Louis, MO, USA). Plastics and

reagents used for cell culture procedures were acquired from Gibco (Thermo Fisher Scientific;

Grand Island, NY, USA). Molecular biology reagents were as follows: TRIzol reagent (Thermo

Fisher Scientific; Grand Island, NY, USA), iScript cDNA synthesis kit (Bio-Rad Laboratories;

Hercules, CA, USA), DNase (Invitrogen Life Technologies; Carlsbad, CA, USA), QuantiFast

SYBR Green PCR Kit (Qiagen, Hilden, Germany). Immunoassay Kits were purchased from

Abcam (Cambridge, MA- USA), Protocols involving spectrophotometric and fluorimetric

analysis were executed using a 96-well microplate reader (SpectraMax M2/M2e Multimode

Plate Reader; Molecular Devices- Sunnyvale, CA, USA).

General experimental design

In vitro experiments were performed using a commercially available RAW 264.7 immortalized

macrophage cell line (ATCC TIB-71) obtained from the American Type Culture Collection

(ATCC, Manassas, VA, USA) cultured under standardized conditions. Cells were cultured

using Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS), sup-

plemented with 1% penicillin/streptomycin and 1% amphotericin B antifungal. Cell cultures

were maintained at 37˚C in a humidified atmosphere of 5% CO2 and expanded to obtain cell

number to perform the experiments.

All protocols performed were similar to previously described studies by Barbisan et al. [22]

and Duarte et al. [23] of in vitro psychotropic drug effects on macrophage inflammatory

response. Macrophages are highly sensitive to antigens and other antigenic factors, which

induce intense cellular proliferation and morphological changes. These alterations, especially

cellular proliferation in 72 h cell cultures, can be used as markers of inflammatory activation of

immune cells. A concentration-effect curve (0.007 to 1000 μg/mL) was generated using OLZ

concentrations bracketing plasma therapeutic (0.02 and 0.08 μg/mL) OLZ values. OLZ plasma

therapeutic values are published in guidelines for therapeutic drug monitoring in neuropsy-

chopharmacology [24]. Phytohemagglutinin (PHA) antigen (125 μg/mL) treatment was used

as a positive inflammatory control [21].

The OLZ concentration that triggered the highest inflammatory response was chosen and

confirmed by evaluation of cytomorphological alteration, cell cycle modulation, and protein

and gene expression analysis of pro- and anti-inflammatory cytokines. Following determina-

tion of OLZ concentration, macrophages were concomitantly exposed to OLZ plus Li at 0.7

mEq/L. This concentration was chosen based on Barbisan et al [21].

Cell proliferation analysis

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium reduction

assay was used as a method to evaluate cell proliferation in 72 h cell cultures. This procedure

was modified, but we used Mosmann [25] for guidance. Briefly, cells were seeded in 96-well

plates at a final concentration of 2×105 cells/mL and MTT reagent was added to the cells at a
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final concentration of 0.5 mg/mL. After 1 h of incubation at 37˚C, formazan crystals were solu-

bilized using dimethyl sulfoxide (DMSO) and absorbance was recorded at 560 nm using a

plate reading spectrophotometer (SpectraMax i3x Multi-Mode Microplate Reader; Molecular

Devices, Sunnyvale, CA, USA).

Cell cycle analysis

Cell cycle analysis was performed by flow cytometry. In short, cells were seeded in 6-well plates

(1 x 104 cells). Following 72 h treatment, cells underwent resuspension in 70% ethanol and

were stored overnight at −20˚C. After storage, cells were resuspended in 500 μL of staining

solution prepared in PBS, which consisted of 50 μg/mL PI, 100 μg/mL RNase, and 0.05% Tri-

ton X-100, and incubated at 37˚C for 40 min. Cell cycle analysis was performed using a BD

Accuri C6 instrument [26].

Oxidative markers analysis

Modulation of oxidative stress was evaluated in 72 h cell cultures exposed to OLZ and Li by

analysis of superoxide, ROS, and nitric oxide levels. Superoxide levels were quantified using a

colorimetric assay that produces a formazan salt via reaction with nitroblue tetrazolium (NBT)

chloride, following a protocol previously published by Morabito et al. [27]. Briefly, the cells

were seeded in a 96-well plate, diluted in 1× PBS, treated with 10 μL of NBT solution (10 mg/

mL), homogenized, incubated at 37˚C for 3 h, and centrifuged. 75 μL of supernatant was

removed, and an equal volume of DMSO was added to each well. After incubation for 20 min

at 37˚C, 75 μL of the cell suspension was transferred to another 96-well plate, and the absor-

bance measured at 540 nm.

Total levels of reactive oxygen species (ROS) were quantified in RAW 264.7 cells using the

2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) assay. DCFH-DA is a nonfluorescent

chemical that is deacetylated by mitochondrial esterase enzymes to DCFH which reacts with

ROS and becomes DCF, a fluorescent molecule. Fluorescence was recorded at an excitation

wavelength of 488 nm and an emission wavelength of 525 nm [28]. NO levels were measured

after 72 h by the Griess modified method [29]. In short, RAW 264.7 cells were incubated at

room temperature with the Griess reagent for 10 min and the absorbance was recorded at 550

nm wavelength.

Cytokine immunoassays

All analyses were performed in 72 h cell culture samples. Analysis of cytokine levels (IL-1β, IL-

6, TNF-α, and IL-10) provides information on activation of inflammatory pathways. Caspase

levels (CASP-8, CASP-3 and CASP-1) may indicate activation of the apoptosis pathway. Cyto-

kines levels in cell culture supernatants were measured, according to the manufacturer’s

instructions (Abcam, Cambridge, MA- USA).

Briefly, all reagents and working standards were prepared per manufacturer’s instructions

prior to adding 50 μL of the assay diluent RD1W to each well. 100 μL of standard control for

each sample was added per well, after which the well was covered with an adhesive strip and

incubated for 1.5 h at room temperature. Each well was subsequently aspirated and washed

twice, for a total of three washes. The antiserum of each molecule analyzed into wells and the

plate was covered with a new adhesive strip, and subsequently incubated for 30 min at room

temperature. The aspiration/wash step was repeated, and the conjugate (100 μL) was added to

each well and incubated for 30 min at room temperature. Each well was again aspirated and

washed before adding 100 μL of substrate solution to each well, followed by incubation at

room temperature for an additional 20 min. Following incubation, 50 μL of stop solution was
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added to each well. Optical density was determined within 30 min at 450 nm using a micro-

plate reader.

Gene expression analysis

Gene expression of cytokines in RAW 264.7 macrophages (pro inflammatory IL-1β, IL-6,

TNF-α and anti-inflammatory IL-10) was analyzed by quantitative real-time polymerase chain

reaction (qRT-PCR) after 24 h of incubation [21]. Briefly, total RNA was isolated with TRIzol

and quantified spectrophotometrically at 260 nm wavelength. Reverse transcription was per-

formed using the iScript cDNA synthesis kit. RNA was added to a final concentration of 1 μg/

μL with 0.2 μL of DNase. Generation of cDNA was performed using 1 μL of iScript reverse

transcriptase and 4 μL of iScript Mix. Quantitative RT-PCR was performed in a total reaction

volume of 20 μL with 1 μL of cDNA and 1x QuantiFast SYBR Green PCR Kit in a Rotor-Gene

Q instrument (Qiagen, Hilden, Germany). The specific primer pairs of cytokines used in this

study were: IL-1β Forward GCGGCATCCAGCTACGAAT and Reverse ACC AGCATCTTCC
TCAGCTTGT; IL-6 Forward TACCCCCAGGAGAAGATTCCA and Reverse CCGTCGAGG ATG
TACCGAATT; TNF-α Forward CAA CGGCATGGATCTCAAAGAC and Reverse TATGGGCTC
ATACCAGGGTTTG; IL-10 Forward GTGATGCCCCAAGCTGAGA and Reverse TGCTCTTG
TTTTCACAGGGAAGA. Beta-actin, a housekeeping gene was used as an internal control. Rela-

tive expression was calculated using comparative CT (Citosine-Timine) and was expressed as

the fold expression compared to the control.

Statistical analyses

The results obtained from all in vitro protocols were analyzed using GraphPad Prism 6 statisti-

cal package software. All experiments were performed in independent triplicates. This data

treatment protocol is broadly used in the in vitro analysis in order to allow comparison among

results obtained from different days or by different laboratories [30]. Outliers were eliminated

considering upper and lower values of 2-SD range since indicated some experimental impreci-

sion. All variables were tested for distribution normality using the Shapiro-Wilk method. Data

were compared with one-way or two-way analysis of variance followed by Tukey’s post hoc

tests. Data are presented as mean ± SD relative to negative control group. The alpha value was

p� 0.05 to indicate the threshold for statistical significance.

Results

Macrophage proliferation in response to OLZ was evaluated as an indicator of oxi-inflamma-

tory activation (Fig 1). Results showed a hormetic response to OLZ in macrophages, with

lower OLZ concentrations (0.007–0.09 μg/mL) resulting in increased cellular proliferation,

while higher concentrations significantly decreased growth of cultures, indicating a cytotoxic

or immunossupressive OLZ effect (150–1000 μg/mL). The pro-inflammatory effect of OLZ at

lower concentrations was confirmed by comparison to a similar response triggered by macro-

phage exposure to PHA antigen.

From this first analysis, OLZ at 0.03 μg/mL concentration was chosen to conduct comple-

mentary protocols, since this concentration increased cell proliferation and was into the plas-

matic therapeutic range of this drug. Complementary analysis was performed to confirm that

this concentration could trigger macrophage activation by evaluation of cell cycle modulation

and cytomorphological macrophage patterns in 72h cell cultures (Fig 2). Macrophages OLZ-

exposed presented higher frequency of S-phase cells than C-group. This effect was higher than

cells just PHA-exposed, that is a natural antigen used to trigger in vitro macrophage inflamma-

tory activation. OLZ-exposure also increased frequency of G2/M cells than C-group, whereas
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cells PHA-exposed presented significant lower frequency of cells in this phase than C-group.

Both, PHA and OLZ caused macrophage spreading pattern in monolayer cultures that indicate

an inflammatory state.

Further, RAW cells were concomitantly exposed with OLZ at this concentration and Li at

0.7 mEq/L concentration, an anti-inflammatory drug (Fig 2A). All treatments increased cellu-

lar proliferation compared to the control group and proliferation was highest in cells exposed

to OLZ plus Li. Modulation of oxidative markers that are involved with inflammatory pro-

cesses were also evaluated (Fig 2B). All treatments increased SA and ROS levels than C group.

However, this effect was more pronunciated in cells just OLZ- treated. Therefore, it seems that

Li attenuated OLZ oxidative effects on macrophage cells. Just cells OLZ-exposed presented

higher NO levels than C group, including cells concomitantly OLZ and Li-treated.

Analysis of gene and protein expression of four inflammatory cytokine markers among

treatments was also performed and results are presented in Fig 3. Cells just OLZ treated pre-

sented higher protein levels of IL-β, IL-6 and TNFα proinflammatory cytokines (Fig 4). On the

Fig 1. Effect on RAW macrophages cellular proliferation in 72 h cultures e cellular of OLZ (OLZ) at different concentrations. C = non-

treated cells; PHA = cells activated by phytohemaglutin antigen exposure. Treatments were compared using one-way analysis of variance

(ANOVA), followed by the Tukey post hoc test. Different letters (i.e., A, B, C, D, E, F) indicated significant statistical differences among

treatments at p< 0.05. Treatments with A letter were considered with values similar to C group.

https://doi.org/10.1371/journal.pone.0209223.g001
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other hand, cells on this treatment presented lower levels of IL-10, an anti-inflammatory cyto-

kine. OLZ induced gene overexpression of IL-β, IL-6 and IL-10 cytokines. Therefore, the role

of results indicated OLZ proinflammatory effect on RAW cells.

At contrary, cells just Li-exposed presented similar levels of IL-6, TNF-α and IL-10 cyto-

kines than C non-activated macrophages group. However, a slight, but significant increase of

IL- IL-β was observed in cells just Li-exposed t than C-group. Despite these results, IL- β, as

well as TNF-α gene expression were downregulated by Li-exposure. Both IL-6 and IL-10 genes

were overexpressed in cells just Li-exposed.

Interaction between OLZ and Li showed a decrease on IL-β, IL-6 and TNFα protein levels

than cells just OLZ-exposed. However, levels of these cytokines were still significantly higher

Fig 2. Comparison of cell cycle determined by flow cytometry analysis among RAW macrophages 72 h cultures exposed OLZ (OLZ) at 0.03 μg/mL concentration

and to phytohaemagglutinin (PHA), an natural antigen that trigger inflammatory macrophages activation. (A) Representative graphics with cell phases: (G0/

G1 = gap 1; S = synthesis; G2/M = gap2 and mitosis). (B) % of cells the control in at each stage (G0/G1 = gap 1; S = synthesis; G2/M = gap2 and mitosis) of the cell cycle

compared by One-way analysis of variance (ANOVA), followed by the Tukey post hoc test. The different letters (i.e., A, B, C, D, E, F) indicate statistical differences in each

treatment at p< 0.05. (C) Monolayer culture pattern of RAW macrophages microscopic optic analysis (×40, scale bar = 20 μm) in control (C) cells and cells exposed to

OLZ and PHA. No-activated C-cells presented higher frequency of spheric cells typical of monocytes. Cells PHA and OLZ exposed presenting a macrophage spreading

pattern that is observed in inflammatory-activated cells.

https://doi.org/10.1371/journal.pone.0209223.g002
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than C-group. Despite, IL-β and IL-6 genes to be overexpressed in cells concomitantly OLZ

and Li exposed, this effect was more attenuated in comparison with cells just OLZ-exposed. In

the presence Li, cells OLZ exposed presented similar TNFα gene expression than control

group. IL-10 gene was also overexpressed in this treatment than C-group.

Discussion

The present in vitro study evaluated the potential anti-inflammatory action of Li on proinflam-

matory response in macrophage cells triggered by the antipsychotic drug OLZ. The results sug-

gest that Li may partially reverse the inflammatory response caused by OLZ on macrophage

Fig 3. Interaction between OLZ (0.03 μg/mL) and Li (0.7 mEq/L) on proliferation (A) and modulation of oxidative markers superoxide anion (SA), reactive oxygen

species (ROS), and nitric oxide (NO) (B). Treatments were compared by one-way analysis of variance (ANOVA), followed by the Tukey post hoc test. The different letters

(i.e., A, B, C, D) indicate statistical differences in each treatment at p< 0.05. Treatments identified with A-letter were statistically s imilar to untreated-cells group (C)

https://doi.org/10.1371/journal.pone.0209223.g003
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cells. Based on these general results it is important to consider theoretical and methodological

limitations.

In the first analysis performed here an OLZ curve-concentration showed a hormetic effect

of this antipsychotic drug on macrophages. In fact, concentrations in to plasmatic therapeutic

range of OLZ showed increase on macrophage proliferation, whereas concentrations > 1 μG/

mL decreased significantly cellular proliferation than C-group. These results could indicate

potential cytotoxic or immunosuppressive effect of OLZ on macrophages cells. Actually, previ-

ous studies reported potential apoptosis induction of OLZ on hamster pancreatic β cell line

with marked apoptotic events on these cells. This action could explain potential pro-diabetic

effect associate with OLZ administration [31]. Pessina et al [32] also described potential cyto-

toxic effect of high OLZ concentration on macrophages. However, main focus of the present

study was clarifying potential interaction between OLZ and Li, that has some anti-inflamma-

tory properties. For this reason, complementary analysis involving analysis of OLZ on

Fig 4. Modulation of protein and gene expression cytokines (IL-1β, IL-6, TNFα, IL-10) involved with inflammatory response of RAW macrophages exposed to OLZ

(OLZ, 0.03 μg/mL) and Li (Li, and 0.7 mEq/L). Treatments were compared by one-way analysis of variance (ANOVA), followed by the Tukey post hoc test. The different

letters (i.e., A, B, C, D) indicate statistical differences in each treatment at p< 0.05. Treatments with A letter were considered with values similar to C untreated-cells

group. Gene expression of each cytokine in each treatment is represented by colored squares (black = gene expression similar to C-group; green square = gene

overexpression� 1.2< 10 times than C-group; yellow square = gene overexpression� 10< 50 times than C-group; red square = gene overexpression� 50 times than C-

group. The beta-actin housekeeping was used as internal control to normalized gene expression analysis among treatments.

https://doi.org/10.1371/journal.pone.0209223.g004
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apoptosis modulation was not performed here. Perhaps, complementary studies about this

issue could be performed, since some recent investigations, such as performed by Sanomachi

et al [33] have described potential beneficial OLZ effect on cancer patients by down-regulation

of survivin, which has been implicated in multidrug chemoresistance and apoptosis induction.

Investigations of OLZ effects on inflammatory modulation are relatively incipient. In RAW

264.7 macrophage cells we found a potential important hormetic effect on inflammatory

response observed by cellular proliferation rates (Fig 1). This hormetic OLZ effect could

explain differences between results found here and other studies published recently in the liter-

ature, such as performed by Stapel et al [34]. These authors showed that when human periph-

eral blood mononuclear cells (PBMCs) obtained from healthy adults were in vitro exposed to

10−4 M OLZ occurred decreasing in mRNA and protein levels of IL-1β, IL-6, and TNF-α than

control group, at 72 h cell cultures. However, the OLZ concentration (31.24 μg/mL) used by

authors was thousand times greater than concentration tested here (0.03 μg/mL), that is into

therapeutic plasmatic OLZ concentration range [24]. In fact, we think that in an in vitro proto-

col the use of OLZ at a plasmatic therapeutic concentration could be more realistic considering

pharmacokinetics of this drug. Into the body, OLZ is metabolized by cytochrome P450 and

more than 40% of the oral doses is removed by the hepatic first-pass effect. In these terms, it is

not expected that high OLZ concentrations arrive in peripheral body cells including

macrophages.

Previous evidence suggested that immune system alteration associated with OLZ treatment

may contribute to antipsychotic-induced weight gain [35]. Inflammatory effects of OLZ have

not been well-characterized. However, in light of recent findings that OLZ may induce inflam-

matory signaling, it is possible that concomitant use of OLZ with anti-inflammatory drugs

may attenuate proinflammatory effects of OLZ. In psychiatric practice use of Li, which exerts

anti-inflammatory effects via inhibitor of GSK-3, is common [36].

Studies examining the beneficial effects of Li in combination with OLZ may help to under-

stand the increase in efficacy of treatment of some psychiatric symptoms conferred by combi-

nation therapies. Clinical studies have demonstrated that concomitant treatment with OLZ

and Li reduced rehospitalization risk after a manic episode [20,37]. Moreover, previous studies

have shown that coadministration of melatonin with OLZ and Li in adolescents with Bipolar

Disorder may reduce weight gain associated with OLZ treatment [38]. The beneficial effects of

coadministration demonstrated in these studies provided justification for our evaluation of

effects of OLZ and Li on oxidative and inflammatory metabolism.

Evaluation of in vitro interactions of OLZ and Li was carried out by treatment of cells at

concentrations in the recommended therapeutic plasma range. The range evaluated for OLZ

was 0.02 μg/mL to 0.08 μg/mL according to guidelines of drug therapeutic monitoring [39].

The therapeutic Li concentration used was 0.07 mEq/L, which has been previously evaluated

in vitro [21,22]. Therefore, results of this study may be representative of interactive in vivo
effects between OLZ and Li.

Previous studies have consistently supported the hypothesis that oxi-inflammatory effects

of OLZ administration are associated with metabolic side effects [13,16,18]. In addition, anti-

inflammatory properties of Li are also well-characterized and seem to contribute to reduction

in frequency of manic episodes in bipolar patients [35,40]. However, potential effects of inter-

action between OLZ and Li on metabolic side effects are not clear. For example, the study per-

formed by Katagiri et al. [41] suggested no direct impact of Li treatment on OLZ side effects.

In contrast, we demonstrated that cotreatment with OLZ and Li resulted in decreased proin-

flammatory cytokines and increased of levels of IL-10, an anti-inflammatory cytokine.

Our results are placed in appropriate context by considering functional aspects of macro-

phages in relation to inflammatory response. Macrophages present two distinct phenotypic
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subtypes: classically and alternatively activated macrophages. Classically activated, or M1, mac-

rophages are pro-inflammatory and polarized by antigens such as lipopolysaccharide (LPS)

and PHA, resulting in production of pro-inflammatory cytokines such as interleukin-1β (IL-

1β), IL-6, IL-12, IL-23, and TNF-α. Conversely, alternatively activated, or M2, macrophages

are anti-inflammatory and immunoregulatory cells polarized by Th2 cytokines such as IL-4

and IL-13. M2 cells also produce anti-inflammatory cytokines such as IL-10 and TGF-β. The

role of M1/M2 macrophage polarization balance in organ response to inflammation or injury

has been well-established [42].

When inflammation is triggered macrophages first exhibit the M1 phenotype, releasing

mainly IL-1β, IL-6, TNF-α, and IL-12 in response. As the M1 phase continues, damage may

occur. Higher levels of proinflammatory cytokines indicate a more intense inflammatory

response by M1 macrophages. Conversion to the M2 phenotype associated with increased

release of anti-inflammatory cytokines such as IL-10 is crucial in resolution of the proinflam-

matory state. M2 macrophages are able to suppress inflammation, contributing to tissue repair,

remodeling, vasculogenesis, and maintenance of homeostasis [42].

Activated macrophages cultured for 72 h exposed to a single antigen were expected to pro-

duce higher levels of proinflammatory cytokines. However, we also observed increased anti-

inflammatory cytokines. Anti-inflammatory cytokines produced by activated macrophages

may influence macrophage inflammatory response in three ways: (1) M1 phenotype suppres-

sion in the presence of an antigen molecule; (2) decreased production of proinflammatory

cytokines; (3) faster conversion from M1 to M2 phenotype [42].

As cytokine protein and gene expression are the best markers for determination of macro-

phage polarization, our results showed that M1 polarization of RAW 264.7 macrophages were

greatly attenuated by Li treatment, as levels of most cytokines remained similar to the

untreated group. In contrast, clear M1 polarization was observed in OLZ-treated macro-

phages, and this inflammatory response was partially attenuated by administration of Li.

These results support the hypothesis that Li may attenuate the inflammatory cascade triggered

by the antipsychotic drug OLZ.

Of note, macrophages treated with only Li showed greater cellular proliferation and slightly

higher IL-1β levels than control. Based on previous studies, slight macrophage activation may

occur in response to Li because the RAW 264.7 macrophage cell line is very sensitive to chemi-

cal changes in culture medium [43]. Therefore, these results may represent a limitation of this

in vitro model rather than a true effect of Li on macrophage activation.

Our results also showed an effect of cotreatment with Li and OLZ on oxidative metabolism

markers associated with the inflammatory process. Cells exposed only to OLZ produced higher

levels of superoxide, ROS, and NO. However, Li attenuated levels OLZ-induced oxidative

markers. Of particular interest is the effect of OLZ treatment on NO levels, as NO is an impor-

tant pleiotropic signaling molecule. NO induces concentration-dependent enhancement of

endothelial cell proliferation, angiogenesis, and acceleration of wound healing. Conversely,

NO is an oxidative molecule, and may also contribute to induce inflammation [44].

In addition to increased production of pro-inflammatory cytokines, M1 macrophages pro-

duce increased NO via inducible nitric oxide synthase (iNOS) [44]. In contrast, M2 macro-

phages are characterized by expression of the enzyme arginase, which hydrolyzes arginine to

ornithine and urea. This reaction limits arginine availability for NO synthesis [45]. Therefore,

analysis of NO levels may indicate phenotype of macrophage cells. Cotreatment with OLZ and

Li significantly decreased NO levels, supporting the hypothesis that Li may attenuate the

proinflammatory effect triggered by OLZ.

Decreased ROS levels in macrophages in response to cotreatment with OLZ and Li high-

lights the benefit of this interaction on the inflammatory pathway since accumulating evidence
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supports the hypothesis that redox signaling plays a role in macrophage polarization [46].

Moreover, elevation of ROS by OLZ results from changes in mitochondrial functioning sug-

gesting that Li may act on mitochondria. However, this presumption is still speculative since

we did perform direct assays of potential mitochondrial dysfunction triggered by OLZ expo-

sure. Despite this methodological limitation, it is important to point out that some previous

studies have suggested that antipsychotic effects on metabolism may be associated with alter-

ation of mitochondrial function. This alteration, associated with a chronic inflammatory state,

may contribute to development of metabolic syndrome in patients that use antipsychotic

drugs [47, 48].

This presumption is corroborated by a recent study performed by Scani et al [49] using

peripheral blood mononuclear cells (PBMCs) from schizophrenic patients exposed to antipsy-

chotic drugs. Results from this study showed that these drugs may induce mitochondrial dys-

function. Mitochondria are key organelles responsible for energy production and control

many processes from signaling to cell death. The function of the mitochondrial electron trans-

port chain is coupled with production of ROS in the form of superoxide anion and hydrogen

peroxide. Mitochondrial ROS overproduction and changes in mitochondrial redox homeosta-

sis are involved in a number of neurological and somatic conditions [50].

As OLZ treatment of macrophages increased superoxide and ROS, which includes hydro-

gen peroxide, these results indirectly suggest that this drug may cause mitochondrial dysfunc-

tion. Attenuation of ROS production by Li exposure may be possible as described in an

investigation performed by Kim et al [51]. This study demonstrated that mitochondrial dys-

function and lipid peroxidation in rat frontal cortex triggered by chronic NMDA administra-

tion was partially reversed by Li treatment. In humans, Souza et al [52] showed that BD

patients treated for six weeks with Li had reduced mitochondrial dysfunction in Complex 1 of

the electron transport chain.

Despite limitations and constraints related to in vitro studies, our results highlight potential

for use of Li as an additional therapeutic approach in the prevention of oxidative and inflam-

matory effects triggered by OLZ. However, further studies are needed to clarify the mecha-

nisms involved in the protective effect of Li on OLZ-induced inflammatory response and the

impact Li may have on the prevention of metabolic syndrome in patients treated with second

generation antipsychotics drugs.

Conclusion

Concomitant in vitro macrophage exposure to OLZ and Li suggests that Li may attenuate oxi-

dation and inflammation. It can be inferred that concomitant use of OLZ may contribute to

attenuation of some side effects triggered by OLZ administration.
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Antônio Schmidt do Prado-Lima, Cibele Ferreira Teixeira, Ivo Emı́lio da Cruz Jung, Ivana

Beatrice Mânica da Cruz.

Writing – original draft: Marcelo Soares Fernandes, Fernanda Barbisan, Pedro Antônio
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3. Lindström L, Lindström E, Nilsson M, Höistad M Maintenance therapy with second generation antipsy-

chotics for bipolar disorder—A systematic review and meta-analysis. J Affect Disord. 2017; 213:138–

150. https://doi.org/10.1016/j.jad.2017.02.012 PMID: 28222360

4. Farlow MR, Shamliyan TA. Benefits and harms of atypical antipsychotics for agitation in adults with

dementia. Eur Neuropsychopharmacol. 2017; 27:217–231. https://doi.org/10.1016/j.euroneuro.2017.

01.002 PMID: 28111239

5. Dale M, van Duijn E. Anxiety in Huntington’s Disease. J Neuropsychiatry Clin Neurosci. 2015; 27:262–

71. https://doi.org/10.1176/appi.neuropsych.14100265 PMID: 25803201

6. Spertus J, Horvitz-Lennon M, Abing H, Normand SL.Risk of weight gain for specific antipsychotic drugs:

a meta-analysis. NPJ Schizophr. 2018; 4:12. https://doi.org/10.1038/s41537-018-0053-9 PMID:

29950586

7. Flank J, Schechter T, Gibson P, Johnston DL, Orsey AD, Portwine C, et al. Olanzapine for prevention of

chemotherapy-induced nausea and vomiting in children and adolescents: a multi-center, feasibility

study. Support Care Cancer. 2018; 26:549–555. https://doi.org/10.1007/s00520-017-3864-8 PMID:

28856448

8. Yoodee J, Permsuwan U, Nimworapan M. Efficacy and safety of olanzapine for the prevention of che-

motherapy-induced nausea and vomiting: A systematic review and meta-analysis. Crit Rev Oncol

Hematol. 2017; 112:113–125. https://doi.org/10.1016/j.critrevonc.2017.02.017 PMID: 28325253
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28. Costa F, Barbisan F, Assmann CE, Araújo NKF, de Oliveira AR, Signori JP, et al. Seminal cell-free DNA

levels measured by PicoGreen fluorochrome are associated with sperm fertility criteria. Zygote. 2017;

25:111–119. https://doi.org/10.1017/S0967199416000307 PMID: 28264730

29. da Cruz Jung IE, Machado AK, da Cruz IB, Barbisan F, Azzolin VF, Duarte T, Duarte MM, do Prado-

Lima PA, Bochi GV, Scola G, Moresco RN. Haloperidol and Risperidone at high concentrations activate

an in vitro inflammatory response of RAW 264.7 macrophage cells by induction of apoptosis and modifi-

cation of cytokine levels. Psychopharmacology (Berl). 2016; 233:1715–23. https://doi.org/10.1007/

s00213-015-4079-7 PMID: 26391290

30. Pamies A. Bal-Price A. Simeonov D. Tagle D. Allen D. Gerhold D. et al. Good cell culture practice for

stem cells & stem-cell-derived models. ALTEX. 2018; 35:353–378. https://doi.org/10.14573/altex.

1710081

31. Ozasa R, Okada T, Nadanaka S, Nagamine T, Zyryanova A, Harding H et al. The antipsychotic olanza-

pine induces apoptosis in insulin-secreting pancreatic β cells by blocking PERK-mediated translational

attenuation. Cell Struct Funct. 2013; 38:183–95. doi.org/10.1247/csf.13012 PMID: 23812432

32. Pessina A, Turlizzi E, Bonomi A, Guizzardi F, Cavicchini L, Croera C et al. In vitro toxicity of clozapine,

olanzapine, and quetiapine on granulocyte-macrophage progenitors (GM-CFU). Pharmacopsychiatry.

2006 Jan; 39(1):20–2. Erratum in: Pharmacopsychiatry. 2006; 39:160. https://doi.org/10.1055/s-2006-

931475 PMID: 16453250

33. Sanomachi T, Suzuki S, Kuramoto K, Takeda H, Sakaki H, Togashi K et al. Olanzapine, an Atypical

Antipsychotic, Inhibits Survivin Expression and Sensitizes Cancer Cells to Chemotherapeutic Agents.

Anticancer Res. 2017 Nov; 37(11):6177–6188. https://doi.org/10.21873/anticanres.12067 PMID:

29061799

34. Stapel B, Sieve I, Falk CS, Bleich S, Hilfiker-Kleiner D, Kahl KG. Second generation atypical antipsy-

chotics olanzapine and aripiprazole reduce expression and secretion of inflammatory cytokines in

human immune cells. J Psychiatr Res. 2018; 105:95–102. https://doi.org/10.1016/j.jpsychires.2018.08.

017 PMID: 30216787

35. Fonseka TM, Müller DJ, Kennedy SH. Inflammatory Cytokines and Antipsychotic-Induced Weight Gain:

Review and Clinical Implications. Mol Neuropsychiatry. 2016; 2:1–14. https://doi.org/10.1159/

000441521 PMID: 27606316

36. Beurel E, Grieco SF, Jope RS. Glycogen synthase kinase-3 (GSK3): regulation, actions, and diseases.

Pharmacol Ther. 2015; 148:114–31. https://doi.org/10.1016/j.pharmthera.2014.11.016 PMID:

25435019

37. Wingård L, Bodén R, Brandt L, Tiihonen J, Tanskanen A, Kieler H et al. Reducing the rehospitalization

risk after a manic episode: A population based cohort study of lithium, valproate, olanzapine, quetiapine

and aripiprazole in monotherapy and combinations. J Affect Disord. 2017; 217:16–23. https://doi.org/

10.1016/j.jad.2017.03.054 Epub 2017 Mar 27. PMID: 28364619

38. Mostafavi SA, Solhi M, Mohammadi MR, Akhondzadeh S. Melatonin for Reducing Weight Gain Follow-

ing Administration of Atypical Antipsychotic Olanzapine for Adolescents with Bipolar Disorder: A Ran-

domized, Double-Blind, Placebo-Controlled Trial. J Child Adolesc Psychopharmacol. 2017; 27:440–

444. https://doi.org/10.1089/cap.2016.0046 PMID: 28339282

39. Mauri MC, Paletta S, Di Pace C, Reggiori A, Cirnigliaro G, Valli I, Altamura AC. Clinical Pharmacokinet-

ics of Atypical Antipsychotics: An Update. Clin Pharmacokinet. 2018. https://doi.org/10.1007/s40262-

018-0664-3 PMID: 29915922

40. Machado-Vieira R. Lithium, Stress, and Resilience in Bipolar Disorder: Deciphering this key homeo-

static synaptic plasticity regulator. J Affect Disord. 2018; 233:92–99. https://doi.org/10.1016/j.jad.2017.

12.026 PMID: 29310970

41. Katagiri H, Takita Y, Tohen M, Higuchi T, Kanba S, Takahashi M. Safety and efficacy of olanzapine

monotherapy and olanzapine with a mood stabilizer in 18-week treatment of manic/mixed episodes for

Japanese patients with bipolar I disorder. Curr Med Res Opin. 2012; 28:701–13. https://doi.org/10.

1185/03007995.2012.666961 PMID: 22356118

42. Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili SA, Mardani F, et al. Mac-

rophage plasticity, polarization, and function in health and disease. J Cell Physiol. 2018; 233:6425–

6440. https://doi.org/10.1002/jcp.26429 PMID: 29319160

43. Berghaus LJ, Moore JN, Hurley DJ, Vandenplas ML, Fortes BP, Wolfert MA, et al. Innate immune

responses of primary murine macrophage-lineage cells and RAW 264.7 cells to ligands of Toll-like

receptors 2, 3, and 4. Comp Immunol Microbiol Infect Dis. 2010; 33:443–54. https://doi.org/10.1016/j.

cimid.2009.07.001 PMID: 19732955

44. Rath M, Müller I, Kropf P, Closs EI, Munder M. Metabolism via Arginase or Nitric Oxide Synthase: Two

Competing Arginine Pathways in Macrophages. Front Immunol. 2014; 5:532. https://doi.org/10.3389/

fimmu.2014.00532 PMID: 25386178

Lithium minimizes olanzapine oxi-inflammatory induction

PLOS ONE | https://doi.org/10.1371/journal.pone.0209223 January 29, 2019 15 / 16

https://doi.org/10.1017/S0967199416000307
http://www.ncbi.nlm.nih.gov/pubmed/28264730
https://doi.org/10.1007/s00213-015-4079-7
https://doi.org/10.1007/s00213-015-4079-7
http://www.ncbi.nlm.nih.gov/pubmed/26391290
https://doi.org/10.14573/altex.1710081
https://doi.org/10.14573/altex.1710081
https://doi.org/10.1247/csf.13012
http://www.ncbi.nlm.nih.gov/pubmed/23812432
https://doi.org/10.1055/s-2006-931475
https://doi.org/10.1055/s-2006-931475
http://www.ncbi.nlm.nih.gov/pubmed/16453250
https://doi.org/10.21873/anticanres.12067
http://www.ncbi.nlm.nih.gov/pubmed/29061799
https://doi.org/10.1016/j.jpsychires.2018.08.017
https://doi.org/10.1016/j.jpsychires.2018.08.017
http://www.ncbi.nlm.nih.gov/pubmed/30216787
https://doi.org/10.1159/000441521
https://doi.org/10.1159/000441521
http://www.ncbi.nlm.nih.gov/pubmed/27606316
https://doi.org/10.1016/j.pharmthera.2014.11.016
http://www.ncbi.nlm.nih.gov/pubmed/25435019
https://doi.org/10.1016/j.jad.2017.03.054
https://doi.org/10.1016/j.jad.2017.03.054
http://www.ncbi.nlm.nih.gov/pubmed/28364619
https://doi.org/10.1089/cap.2016.0046
http://www.ncbi.nlm.nih.gov/pubmed/28339282
https://doi.org/10.1007/s40262-018-0664-3
https://doi.org/10.1007/s40262-018-0664-3
http://www.ncbi.nlm.nih.gov/pubmed/29915922
https://doi.org/10.1016/j.jad.2017.12.026
https://doi.org/10.1016/j.jad.2017.12.026
http://www.ncbi.nlm.nih.gov/pubmed/29310970
https://doi.org/10.1185/03007995.2012.666961
https://doi.org/10.1185/03007995.2012.666961
http://www.ncbi.nlm.nih.gov/pubmed/22356118
https://doi.org/10.1002/jcp.26429
http://www.ncbi.nlm.nih.gov/pubmed/29319160
https://doi.org/10.1016/j.cimid.2009.07.001
https://doi.org/10.1016/j.cimid.2009.07.001
http://www.ncbi.nlm.nih.gov/pubmed/19732955
https://doi.org/10.3389/fimmu.2014.00532
https://doi.org/10.3389/fimmu.2014.00532
http://www.ncbi.nlm.nih.gov/pubmed/25386178
https://doi.org/10.1371/journal.pone.0209223


45. Juhas U, Ryba-Stanisławowska M, Szargiej P, Myśliwska J. Different pathways of macrophage activa-

tion and polarization. Postepy Hig Med Dosw (Online). 2015; 69:496–502. https://doi.org/10.5604/

17322693.1150133 PMID: 25983288

46. Tan HY, Wang N, Li S, Hong M, Wang X, Feng Y. The Reactive Oxygen Species in Macrophage Polari-

zation: Reflecting Its Dual Role in Progression and Treatment of Human Diseases. Oxid Med Cell

Longev. 2016; 2016:2795090. https://doi.org/10.1155/2016/2795090 PMID: 27143992

47. Baig MR, Navaira E, Escamilla MA, Raventos H, Walss-Bass C. Clozapine treatment causes oxidation

of proteins involved in energy metabolism in lymphoblastoid cells: a possible mechanism for antipsy-

chotic-induced metabolic alterations. J Psychiatr Pract. 2010; 16:325–33. https://doi.org/10.1097/01.

pra.0000388627.36781.6a PMID: 20859109

48. Contreras-Shannon V1, Heart DL, Paredes RM, Navaira E, Catano G, Maffi SK, Walss-Bass C. Cloza-

pine-induced mitochondria alterations and inflammation in brain and insulin-responsive cells. PLoS

One. 2013; 8:e59012. https://doi.org/10.1371/journal.pone.0059012 PMID: 23527073

49. Scaini G, Quevedo J, Velligan D, Roberts DL, Raventos H, Walss-Bass C. Second generation antipsy-

chotic-induced mitochondrial alterations: Implications for increased risk of metabolic syndrome in

patients with schizophrenia. Eur Neuropsychopharmacol. 2018 28(3): 369–380. https://doi.org/10.

1016/j.euroneuro.2018.01.004 PMID: 29449054

50. Angelova PR, Abramov AY. Role of mitochondrial ROS in the brain: from physiology to neurodegenera-

tion. FEBS Lett. 2018; 592:692–702. https://doi.org/10.1002/1873-3468.12964 PMID: 29292494

51. Kim HK, Isaacs-Trepanier C, Elmi N, Rapoport SI, Andreazza AC. Mitochondrial dysfunction and lipid

peroxidation in rat frontal cortex by chronic NMDA administration can be partially prevented by lithium

treatment. J Psychiatr Res. 2016; 76:59–65. https://doi.org/10.1016/j.jpsychires.2016.02.001 PMID:

26894301

52. de Sousa RT, Streck EL, Zanetti MV, Ferreira GK, Diniz BS, Brunoni AR,et al. Lithium increases leuko-

cyte mitochondrial complex I activity in bipolar disorder during depressive episodes. Psychopharmacol-

ogy (Berl). 2015; 232:245–50. https://doi.org/10.1007/s00213-014-3655-6 PMID: 24961563

Lithium minimizes olanzapine oxi-inflammatory induction

PLOS ONE | https://doi.org/10.1371/journal.pone.0209223 January 29, 2019 16 / 16

https://doi.org/10.5604/17322693.1150133
https://doi.org/10.5604/17322693.1150133
http://www.ncbi.nlm.nih.gov/pubmed/25983288
https://doi.org/10.1155/2016/2795090
http://www.ncbi.nlm.nih.gov/pubmed/27143992
https://doi.org/10.1097/01.pra.0000388627.36781.6a
https://doi.org/10.1097/01.pra.0000388627.36781.6a
http://www.ncbi.nlm.nih.gov/pubmed/20859109
https://doi.org/10.1371/journal.pone.0059012
http://www.ncbi.nlm.nih.gov/pubmed/23527073
https://doi.org/10.1016/j.euroneuro.2018.01.004
https://doi.org/10.1016/j.euroneuro.2018.01.004
http://www.ncbi.nlm.nih.gov/pubmed/29449054
https://doi.org/10.1002/1873-3468.12964
http://www.ncbi.nlm.nih.gov/pubmed/29292494
https://doi.org/10.1016/j.jpsychires.2016.02.001
http://www.ncbi.nlm.nih.gov/pubmed/26894301
https://doi.org/10.1007/s00213-014-3655-6
http://www.ncbi.nlm.nih.gov/pubmed/24961563
https://doi.org/10.1371/journal.pone.0209223

