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ABSTRACT

Major Depression is a severe psychiatric condition with a still poorly understood 

etiology. In the last years, evidence supporting the neuroinflammatory hypothesis of 

depression has increased. In the current clinical scenario, in which the available 

treatments for depression is far from optimal, there is an urgent need to develop fast-

acting drugs with fewer side effects. In this regard, recent pieces of evidence suggest 

that cannabidiol (CBD), the major non-psychotropic component of Cannabis sativa with 

anti-inflammatory properties, appears as a drug with antidepressant properties.

In this work, CBD 30 mg/kg was administered systemically to mice 30 min before 

lipopolysaccharide (LPS; 0.83 mg/kg) administration as a neuroinflammatory model, 

and behavioral tests for depressive-, anhedonic- and anxious-like behavior were 

performed. NF-ĸB, IκBα and PPARγ levels were analyzed by western blot in nuclear 

and cytosolic fractions of cortical samples. IL-6 and TNFα levels were determined in 

plasma and prefrontal cortex using ELISA and qPCR techniques, respectively. The 

precursor tryptophan (TRP), and its metabolites kynurenine (KYN) and serotonin (5-

HT) were measured in hippocampus and cortex by HPLC. The ratios KYN/TRP and 

KYN/5-HT were used to estimate indoleamine 2,3-dioxygenase (IDO) activity and the 

balance of both metabolic pathways, respectively. 

CBD reduced the immobility time in the tail suspension test and increased sucrose 

preference in the LPS model, without affecting locomotion and central activity in the 

open-field test. CBD diminished cortical NF-ĸB activation, IL-6 levels in plasma and 

brain, and the increased KYN/TRP and KYN/5-HT ratios in hippocampus and cortex in 

the LPS model.
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Our results demonstrate that CBD produced antidepressant-like effects in the LPS 

neuroinflammatory model, associated to a reduction in the kynurenine pathway 

activation, IL-6 levels and NF-ĸB activation. As CBD stands out as a promising 

antidepressant drug, more research is needed to completely understand its 

mechanisms of action in depression linked to inflammation. 

KEYWORDS: cannabidiol, antidepressant, kynurenine, IL-6, NF-ĸB
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1. INTRODUCTION

Major Depressive Disorder (MDD) is a common and severe medical illness 

characterized by symptoms like sadness, anhedonia, psychomotor agitation or 

retardation, feeling worthless or guilty, difficulty concentrating, and thoughts of death 

or suicide, among others (American Psychiatric Association, 2013). The etiology of this 

disease is poorly known, and different hypotheses have been proposed. The classical 

monoaminergic hypothesis of depression postulates that there is a deregulation in 

monoamine neurotransmission (Schildkraut, 1965), which is complemented by the fact 

that most of the antidepressants currently used in clinic target these neurotransmitters 

systems (rev. in Harmer et al., 2017). However, the monoaminergic hypothesis does 

not explain the totality of alterations present in depression and novel hypotheses have 

been proposed.

One of the hypotheses that has gained evidence in recent years is the 

neuroinflammatory hypothesis, as some inflammatory diseases present comorbid 

depression (Dregan et al. 2019), and pro-inflammatory cytokines such as tumor 

necrosis factor alpha (TNFα) and interleukin 6 (IL-6) have been found increased in the 

blood of MDD patients (Dowlati et al., 2010). This peripheral inflammation, via the 

cross-talk with the central immune system, can induce a pro-inflammatory response in 

the brain (Xiao and Link, 1998; Maier, 2003; Connor et al., 2008). In this line, it has 

been reported that there is an activation of microglia and an increase of pro-

inflammatory cytokines in cerebrospinal fluid and postmortem brain tissue of MDD 

patients (Enache et al., 2019). 

One of the peripheral stimuli that can activate the immune response is 

lipopolysaccharide (LPS), a component of the bacterial wall. The administration of LPS 

induces not only sickness behavior, but also a depressive-like state, anhedonia, and 
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anxiety-like behavior in animals (Leonard and Maes, 2012; Maes et al., 2012), and 

depressive symptoms in humans (Engler et al., 2016; 2017). LPS administration 

activates toll-like receptor 4 (TLR4), initiating the canonical nuclear factor kappa B (NF-

κB) pathway (Kawai et al., 2001). NF-κB is a transcription factor that mediates the 

inflammatory response. Under basal conditions, NF-κB is located in the cytosol by its 

association with the inhibitor of nuclear factor kappa B (IκBα). When LPS activates 

TLR4, IκBα is phosphorylated and undergoes proteasome degradation. This allows 

NF-κB translocation to the nucleus and the transcription of its target genes, which 

initiate the inflammatory response (Covert et al., 2005). Some of the proteins induced 

by NF-κB activation are pro-inflammatory cytokines like IL-6 and interferon-gamma 

(IFNγ) (Kawai et al., 2001). Moreover, LPS reduces the levels of the peroxisome 

proliferator-activated receptor gamma (PPARγ) in cells (Juknat et al., 2013; Choi et al., 

2017), and rat cortex (Perez-Nievas et al., 2010; MacDowell et al., 2013). Conversely, 

the activation of PPARγ can antagonize the transcription activity of NF-κB, 

consequently producing anti-inflammatory effects (Ricote et al., 1998).

The increase in IL-6 and IFNγ induced by LPS activates the indoleamine 2,3-

dioxygenase (IDO) enzyme (Godbout et al., 2008; Lestage et al., 2002). In mice, the 

increase in brain IDO activity has been associated to the appearance of depressive-

like behavior (André et al., 2008; Dantzer et al., 2008). In addition, the increased 

activity of the IDO enzyme, which transforms the precursor tryptophan into kynurenine, 

leads to a skewed pathway toward the formation of kynurenine instead of serotonin 

(Moroni et al., 1991, Cervenka et al., 2017). Importantly, in recent years kynurenine 

and its metabolites have been broadly associated with the pathophysiology of 

depression, leading to the proposal of a new hypothesis of depression that integrates 
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stress, inflammation, the kynurenine pathway and serotonergic and glutamatergic 

neurotransmission (Maes et al., 2011; Oxenkrug, 2013; Barone, 2019). 

In the last years, cannabidiol (CBD), the main non-psychotomimetic component of 

Cannabis sativa (Mechoulam et al., 2002), has shown antidepressant-like properties 

in predictive behavioral tests (El-Alfy et al., 2010; Zanelati et al., 2010), and in animal 

models of depression such as the olfactory bulbectomy (Linge et al., 2016), and the 

chronic unpredictable stress (Campos et al., 2013), following acute or chronic 

administration. CBD is known to produce changes in some neuroplasticity markers 

such as BDNF (Magen et al., 2010), and in hippocampal proliferation in chronically 

stressed animals (Campos et al., 2013), which has been associated to its 

antidepressant-like effect. This drug also presents anti-inflammatory and 

immunomodulatory effects, as reported in animal models of other pathologies such as 

Alzheimer's disease, which was mediated by PPARγ activation (Esposito et al., 2011). 

However, the link between the modulation of inflammatory pathways by cannabidiol 

and its antidepressant-like effects in an inflammatory model is yet to be explored (Silote 

et al., 2019).

Here we have studied the effect of acute cannabidiol administration in the depressive 

and anxious-like behavior in an animal model of inflammation induced by the systemic 

injection of lipopolysaccharide. We have also evaluated the effect of cannabidiol on 

different inflammatory markers as the NF-κB pathway, pro-inflammatory cytokines and 

the kynurenine pathway in order to figure out the mechanism of action of cannabidiol 

in this neuroinflammatory model. 
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2. MATERIAL AND METHODS

2.1 Animals

Male NMRI mice (2–3 months old, 30–35 g) (Envigo, Indiana, USA) were housed in 

groups of 3-4 with a 12-h light-dark cycle, and food and water were provided ad libitum. 

All procedures were carried out with the previous approval of the Animal Care 

Committee of the University of Cantabria according to the Spanish legislation and the 

European Communities Council Directive on “Protection of Animals Used in 

Experimental and Other Scientific Purposes” (86/609/EEC).

2.2 Drugs

Cannabidiol (CBD, Tocris, Bristol, United Kingdom) was dissolved in 2% Tween 80®: 

5% Propilenglycol®: saline, and used at a dose of 30 mg/kg (Zanelati et al., 2010). 

Lipopolysaccharide (LPS from Escherichia coli O127:B8, Sigma-Aldrich, Darmstadt, 

Germany) was dissolved in saline and used at a dose of 0.83 mg/kg (O’Connor et al., 

2009). Both drugs were administered i.p. (10 µl/g body weight) just starting the dark 

period. Animals that did not receive CBD or LPS were injected with the corresponding 

vehicle.

2.3 Experimental design

A graphical representation of the experimental procedure is shown in Figure 1. One 

week before the experiment, the animals were individually housed and habituated to a 

free choice of 2% sucrose solution and water. CBD was administered 30 min before 

the LPS injection. The open-field test (OFT) and the tail suspension test (TST) were 

performed 12 h after LPS administration. Sucrose preference was assessed during 
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that 12 h period. Thirty min after the end of the behavioral assessment, a set of animals 

used for western blot and HPLC was sacrificed by cervical dislocation and brain 

samples were rapidly collected and stored at -80ºC until used. Another set of animals, 

used for cytokine determination in plasma (ELISA) and brain (qPCR), was sacrifized 

by pentobarbital administration (Figure 1).

2.4 Behavioral assays 

Tests were performed during the light phase. Animals were placed in the experimental 

room 1 h before the beginning of the procedures for habituation. Behavioral tests were 

performed during the light phase and were arranged from the least to most stressful 

ones (sucrose preference, open-field, and tail suspension test) (Figure 1).

2.4.1 Sucrose Preference Test (SPT)

This test was used to evaluate anhedonia. Animals were individualized and given a 

free choice of water and a 2% sucrose solution during one week before the experiment 

in order to habituate to the availability of both bottles, as previously described (Vidal et 

al., 2019). The positions of the two bottles were switched every day to avoid any 

potential position bias. The sucrose preference was calculated 12h after LPS injection 

as the percentage of the amount of sucrose solution consumed compared to the total 

amount of liquid intake during that period. 

2.4.2 Open-Field Test (OFT)

The open-field apparatus was a brightly lit (350 lx) grey wooden box (40 × 40 × 30 cm). 

The center was defined as a 20 × 20 cm area. Mice were placed in one corner of the 

apparatus, and the behavior was video tracked by a computerized system (Any-maze 

Video-Tracking software, Stoelting Co., USA) for 5 minutes (Pilar-Cuéllar et al., 2019). 
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The parameters ‘total distance traveled’ and ‘time spent in the center’ were obtained 

to study locomotion and anxiety-like behavior, respectively. 

2.4.3 Tail Suspension Test (TST)

Five minutes after the OFT, mice were suspended by the tail and video recorded for 6 

min (Ferrés-Coy et al. 2016). The time spent immobile was determined using an 

automated software (Biobserve GmbH, Bonn, Germany). The settings were previously 

adjusted by an experienced observer to count as immobility only when mice were 

hanging passively and completely motionless, which is indicative of behavioral despair.

2.5 Western Blot (WB)

Cortical samples were processed for subcellular fractionation following the protocol 

described in García-Bueno (2005) with minor modifications. A buffer containing 10 mM 

HEPES (USB, Ohio, USA), pH 7.9, 1 mM EDTA, 1 mM EGTA, 10 mM KCl, 1 mM 

dithiothreitol (DTT) (Sigma Aldrich, Missouri, USA), 0.5 M sucrose (Scharlab S.L., 

Barcelona, Spain), 10 mM sodium molybdate and supplemented with a protease 

inhibitors cocktail (Sigma-Aldrich, Missouri, USA) was used for the homogenization of 

the samples. After 15 min on ice, 0.5% Igepal was added and samples were gently 

vortexed for 15 s. The cytosolic fraction was obtained by collecting the supernatant 

after a 5 min 8000 x g centrifugation at 4ºC. The remaining pellet was resuspended 

with 100 μl of the previous buffer supplemented with 20% glycerol (Scharlab S.L., 

Barcelona, Spain) and 0.4 M KCl and gently shaken for 30 min at 4ºC. The nuclear 

fraction was obtained by collecting the supernatant after a 5 min 13000 x g 

centrifugation at 4ºC. 
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Duplicates of 60-90 µg of cytosolic and nuclear protein, respectively, were size-

separated with SDS-PAGE and transferred to a nitrocellulose membrane (Bio-Rad, 

California, USA). For IκBα detection, membranes were blocked with 5% powder 

skimmed milk in TBS-T (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 0.05% Tween-20) 

(Sigma Aldrich, Missouri, USA), and for NF-κB and PPARγ in 5% BSA (Sigma Aldrich, 

Missouri, USA) in TBS-T 0.1 (0.1% Tween-20). The following primary antibodies were 

incubated with the corresponding blocking solution at 4ºC over-night: IκBα (1:2000, 

AB3016, Chemicon, Massachusetts, USA), NF- κB (1:1000, #6956, Cell signaling, 

Massachusetts, USA), PPARγ (1:1000, MA5-14889, Invitrogen, California, USA), 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:2000, sc-32233, Santa Cruz 

Biotechnology, Texas, USA), and proliferating cell nuclear antigen (PCNA) (1:1000, 

sc-56, Santa Cruz Biotechnology, Texas, USA). LI-COR® fluorescent secondary 

antibodies (700 and 800CW) were used at 1:15000, and the signal was detected with 

an Odyssey® CLx Imaging System (LI-COR Biosciences, Nebraska, USA). Protein 

quantification was performed using Image Studio™ Software (LI-COR Biosciences, 

Nebraska, USA). GAPDH and PCNA were used as cytosolic and nuclear 

housekeeping proteins, respectively, and the average of the duplicates of each sample 

was calculated. Purity of subcellular fractions was assessed analyzing GAPDH and 

PCNA protein expression. All blots were performed at least 3 times in separate assays. 

Results are represented in percentage versus the vehicle group.

2.6 Enzyme-linked Immunosorbent Assay (ELISA)

Mice were deeply anesthetized with a pentobarbital injection (40 mg/kg, i.p.) and the 

blood collected directly from the heart with an EDTA-treated syringe, centrifuged 10 

min at 2000 x g, 4ºC, and the supernatant collected and stored at -80ºC until used. 
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TNFα and IL-6 ELISA kits were purchased from Invitrogen (Life Technologies 

Corporation, California, USA), and the procedure specified by the manufacturer was 

followed. The optical density was determined at 450 nm with a Mithras LB 940 

(Berthold technologies, Baden-Württemberg, Germany). The data are represented as 

pg/ml. 

2.7 RNA extraction and reverse transcription

RNA extraction was performed as previously described (Pilar-Cuéllar et al., 2017). 

RNA was extracted from prefrontal cortex (PFC) samples using TRI reagent (Merck 

KGaA, Darmstadt, Germany) following manufacturer’s instructions. RNA purity 

assessment (ratios 260/280 and 260/230) and quantification were performed with a 

NanoDrop 1000 (Thermo Fischer Scientific S.L., Madrid, Spain). 600 ng of total RNA 

were used in the reverse transcriptase reaction performed with a high capacity cDNA 

reverse transcriptase kit (Applied Biosystems, California, USA) following 

manufacturer’s instructions.

2.8 Quantitative PCR (qPCR)

Quantitative PCR was performed in a StepOne™ Real-Time PCR System (Applied 

Biosystems, California, USA) using TaqMan gene expression assays for TNFα 

(category no. Mm00443258_m1; O’Connor et al., 2009), IL-6 (category no. 

Mm00446190_m1; Martin et al., 2013), beta-actin (actb, category no. 

Mm00607939_s1), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 

category no. Mm99999915_g1) that were purchased from Applied Biosystems 

(California, USA). Reactions were performed in triplicate using 125 ng cDNA template 
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per reaction. GAPDH and Actb were used as endogenous housekeeping control 

genes. Non-template controls were included in the experiment. The average of the 

triplicates of each sample was calculated and the relative quantitative measurement of 

target gene levels was performed using the ΔΔCt method (Livak and Schmittgen, 

2001).

2.9 High Performance Liquid Chromatography (HPLC)

Samples from PFC and hippocampus (Hp) were diluted 1:7 (weight/volume) in milli-Q 

water and homogenized with a pellet pestle motor. For each 100 μl of sample, 25 μl of 

6% perchloric acid was added. Samples were centrifuged at 16,000 xg for 15 min at 

4ºC, and the supernatants were collected and filtered with a 0.45 μm filter. Serotonin 

(5-HT), tryptophan (TRP), and kynurenine (KYN) levels were quantified by HPLC. The 

HPLC system used was an ALEXYS® Neurotransmitter Analyzer (Antec Scientific, 

Leiden, The Netherlands) with an Acquity UPLC® BEH C18, 1.7 μm, 1 x 100 mm 

column (Waters, Massachusetts, USA). The oxidation potential was set at 0.7V, and 

the mobile phase consisted of 100 mM citric acid, 100 mM phosphoric acid, pH 6.0, 

0.1 mM EDTA, 950 mg/L octanesulfonic acid, and 5% acetonitrile. The ratios KYN/TRP 

and KYN/5-HT are represented. 

2.10 Statistical analysis 

Results are expressed as mean ± standard error of the mean (S.E.M.). As CBD 

treatment was administered to both naïve and LPS mice, the statistical analysis was 

performed using two-way ANOVA followed by Newman-Keuls posthoc test. For the 

correlation studies, the Pearson’s correlation coefficient (r) was used. Graphs and 
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statistical analyses were made using the GraphPad Prism software, version 6.1 

(GraphPad Software Inc., California, USA). The level of significance was set at p<0.05. 

The number of animals used in each experimental group is indicated in the figure 

legends.

3. RESULTS

3.1 Antidepressant-like effect of CBD in the LPS model.

In the tail suspension test (TST), the LPS group showed an increased immobility time 

(126.8±20.3 s) compared to the vehicle group (53.8±10.7 s, p<0.01). The 

administration of CBD prevented the increase in the immobility time induced by LPS 

(72.6±10.3 s, p<0.01) (Figure 2A). A two-way ANOVA showed a significant effect of 

the model [F(1,22)=10.26, p<0.01], and the interaction [F(1,22)=5.54, p<0.05].

In the sucrose preference test, the LPS group presented a decreased sucrose 

preference (49.9±3.9%), compared to the vehicle group (81.4±2.2%, p<0.001). The 

administration of CBD to LPS mice (63.3±3.4%) increased the sucrose preference 

compared to the LPS group (49.9±3.9%, p<0.01) (Figure 2B). A two-way ANOVA 

showed a significant effect of the model [F(1,28)=51.89, p<0.001] and the interaction 

[F(1,28) = 7.00, p<0.05].

In the open-field test (OFT), the LPS group showed a decrease in the time spent in the 

center (2.4±1.4 s) compared to the vehicle group (18.9±4.7 s, p<0.001). The 

administration of CBD to LPS mice did not modify the central time compared to the 

LPS group (1.5±1.3 s) (Figure 2C). A two-way ANOVA showed a significant effect of 

the model [F(1,22)= 44.86, p<0.001]. LPS mice also traveled less distance in this test 

(7.41±1.37 s) compared to the vehicle group (16.32±2.46 s, p<0.001), and CBD 
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administration to LPS mice did not alter the distance travelled (3.88±2.1 s) (Figure 2D). 

A two-way ANOVA showed a significant effect of the model [F(1,22)=42.31, p<0.001].

CBD administration to naïve mice did not modify any of the behavioral parameters 

studied.

Correlations were made to check if the reduced locomotion induced by LPS could 

interfere in the behavioral tests’ interpretation. There was no correlation between the 

total distance traveled in the OFT and the time immobile in the TST (Figure 2E). 

Conversely, a significant correlation was found between the total distance traveled and 

the time spent in the center in the OFT (Figure 2F). 

3.2 CBD-induced changes in the LPS model: NF-κB pathway activation

The activation of the NF-κB pathway and PPARγ was assessed by determining NF-

κB, IκBα and PPARγ protein levels in the nuclear and cytosolic fractions from cortical 

samples. Twelve hours post-LPS injection, there was an increase of NF-κB nuclear 

levels (197.9±32.6%) in comparison to the vehicle group (100±9.3%, p<0.001), and 

CBD pre-treatment significantly attenuated this increase in LPS mice (153±37.7%, 

p<0.01) (Figure 3A). A two-way ANOVA showed a significant effect of the LPS model 

[F(1,22)= 32.33, p<0.001] and the interaction [F(1,22)=11.35, p<0.01]. 

No changes were observed in the cytosolic levels of IκBα in any of the experimental 

groups in the post-test analysis (Figure 3B). A two-way ANOVA showed an effect of 

the LPS model [F(1,22)=6.56, p<0.05]. 

CBD administration in naïve animals produced an increase of PPARγ in the nucleus 

(161±50.9%) compared to the vehicle group (100±19.8%, p<0.05) (Figure 3C) and a 

decrease in the cytosolic fraction (75.5±14.4% in CBD vs 100±6.1% in the vehicle 
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group, p<0.01) (Figure 3D). Neither the LPS nor the CBD+LPS groups presented 

differences in PPARγ protein levels compared to the vehicle group (Figure 3C and D). 

A two-way ANOVA revealed a significant effect of CBD on PPARγ nuclear levels 

[F(1,22)=5.01, p<0.05] and a significant effect of the interaction on PPARγ cytosolic 

levels [F(1,22)=13.54, p<0.01]. 

3.3 CBD-induced changes in the LPS model: pro-inflammatory cytokines IL-6 

and TNFα in plasma and brain

LPS administration induced a mild increase in plasma TNFα levels (9.3±1.3 pg/ml) 

compared to the vehicle group (6.3±0.2 pg/ml, p<0.05). No changes were observed in 

the LPS mice treated with CBD (Figure 4A). A two-way ANOVA showed a significant 

effect of the model [F(1,25)=9.06, p<0.01]. LPS injection produced a huge increase in 

plasma IL-6 levels in LPS (1143±191 pg/ml) versus the vehicle group (27.6±4.3 pg/ml, 

p<0.001). The CBD+LPS group showed a significant reduction of IL-6 levels (573±44 

pg/ml) compared to the LPS group (p<0.001) (Figure 4B). A two-way ANOVA showed 

a significant effect of the model [F(1,25)=76.64, p<0.001], treatment [F(1,25)=9.00, 

p<0.01], and the interaction [F(1,25)= 9.14, p<0.01]. 

In PFC, the LPS administration increased TNFα mRNA levels (9.8±1.8) compared to 

the vehicle group (1.0±0.1, p<0.001), and the previous CBD administration did not 

modify the TNFα expression (Figure 4C). A two-way ANOVA showed a significant 

effect of the model [F(1,25)=45.57, p<0.001]. IL-6 mRNA levels in PFC were higher in 

the LPS group (3.6±0.6) compared to the vehicle group (1.0±0.1, p<0.001), and CBD 

administration reduced LPS-induced IL-6 increase (2.2±0.4, p<0.05) (Figure 4D). A 

two-way ANOVA showed a significant effect of the model [F(1,25)=22.83, p<0.001], 
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and the interaction [F(1,25)=4.40, p<0.05]. CBD administration to naïve mice did not 

induce changes in the pro-inflammatory cytokines studied.

3.4 CBD-induced changes in the LPS model: kynurenine pathway

The kynurenine/tryptophan (KYN/TRP) ratio is used as a marker of the IDO activity 

(Fuchs et al., 1990; Widner et al., 2002; O’Connor et al., 2009). In the hippocampus of 

the LPS group a higher KYN/TRP ratio was found (0.557±0.041) compared to the 

vehicle group (0.360±0.062, p<0.05). The administration of CBD prevented the 

increase in the KYN/TRP ratio in the LPS group (0.373±0.048, p<0.05) (Figure 5A). A 

two-way ANOVA showed a significant effect of the interaction [F(1,19)=8.389, p<0.01]. 

Similar results were obtained in cortex, as the LPS group presented a higher KYN/TRP 

ratio (3.449±0.217) versus the vehicle group (2.084±0.066, p<0.001). CBD attenuated 

this increase in the LPS group (2.931±0.189, p<0.05) (Figure 5C). A two-way ANOVA 

showed a significant effect of the model [F(1,28)=35.47, p<0.001], and a strong 

tendency of the interaction [F(1,28)=4.060, p=0.054].

To examine the effects of LPS and CBD administration in the balance between the two 

major tryptophan metabolic pathways, we determined the kynurenine/serotonin 

(KYN/5-HT) ratio (Mohamed et al., 2013; Li et al., 2020). In the hippocampus of LPS 

mice, the KYN/5-HT ratio was higher (1.069±0.097) than in the vehicle group 

(0.650±0.156, p<0.01), while the administration of CBD prevented this increase 

(0.534±0.066, p<0.01) (Figure 5B). A two-way ANOVA showed a significant effect of 

the model [F(1,19)=8.160, p<0.05], and of CBD [F(1,19)=17.04, p<0.001]. In cortex, 

the KYN/5-HT ratio in the LPS group was higher (4.204±0.315) than the vehicle group 

(2.127±0.115, p<0.001), and CBD attenuated that increase (2.786±0.184, p<0.001) 
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(Figure 5D). A two-way ANOVA showed a significant effect of the model 

[F(1,28)=47.30, p<0.001], CBD [F(1,28)=14.39, p<0.001], and the interaction 

[F(1,28)=8.062, p<0.01]. CBD administration to naïve mice did not alter the kynurenine 

pathway.

4. DISCUSSION

The present study shows the antidepressant-like effect elicited by an acute cannabidiol 

administration in a neuroinflammatory model induced by LPS administration, in parallel 

with the reduction of different inflammatory markers in the brain and periphery. 

The systemic administration of LPS induces a depressive-like state, as evidenced by 

the increase in behavioral despair and anhedonia. Since the immobility time in the tail 

suspension test and the locomotion observed in the open field test did not show a 

statistically significant correlation in naïve and LPS animals, we can infer that the 

sickness behavior is not interfering with the depressive-like behavior at this time-point. 

The administration of a single dose of cannabidiol prior to LPS prevented the LPS-

induced behavioral despair. This agrees with the effect elicited by the acute 

administration of SSRIs as fluoxetine and paroxetine (Oghi et al., 2013), drugs with 

fast antidepressant effect as ketamine (Walker et al., 2013), and the chronic 

administration of tricyclic antidepressants such as imipramine (Renault and Aubert, 

2006) in this inflammatory model. The reduction in immobility elicited by cannabidiol in 

the tail suspension test contrasts with the lack of effect on locomotion observed in the 

open field test, supporting the impact of cannabidiol on the depressive-like behavior. 

Moreover, the anhedonic state induced by LPS is partially prevented by cannabidiol, 

supporting its role in the remission of the different depressive manifestations observed 
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in this model, in line with the results obtained using CBD in other mouse (Linge et al., 

2016) and rat (Shoval et al., 2016) models of depression.

However, cannabidiol treatment did not show anxiolytic-like effects in the LPS model, 

as it has been described in Wistar Kyoto rats (Shoval et al., 2016). In contrast, there is 

an acute anxiolytic-like effect in naïve animals (reviewed in Blessing et al., 2015), and 

in the olfactory bulbectomy model (Linge et al., 2016). Nevertheless, we obtained a 

significant correlation between locomotion and the anxious-like behavior in our 

inflammatory model, which reveals the impossibility to separate the anxious from the 

sickness behavior. Therefore, we cannot draw conclusions about the anxious-like 

behavior in this study. 

The LPS model of neuroinflammation is characterized by an initial sickness behavior 

that resolves in less than 24 h, followed by a depressive-like behavior that overlaps 

with sickness in the initial phases, and lasts longer (Dantzer et al., 2008). At the time-

point studied in this work, there were still some manifestations characteristic of the 

sickness behavior (decreased locomotor activity, reduced body weight, etc.) (Dantzer, 

2001; O’Connor et al., 2009). However, this behavior can be differentiated from the 

depressive-like behavior (behavioral despair and anhedonia), as some molecules as 

kynurenine induce depressive-like but not sickness behavior, and the blockade of IDO 

prevents the manifestation of the depressive-like behavior, without altering the 

sickness behavior induced by LPS (O’Connor et al., 2009). 

To investigate the mechanism of action of CBD responsible for the behavioral findings, 

we studied the NF-κB pathway, as it takes part in the pro-inflammatory mechanism of 

LPS (Kawai et al., 2001). The LPS model presented increased NF-κB nuclear levels 

as previously described (Perez-Nievas et al., 2010; MacDowell et al., 2013), 

evidencing the activation of the NF-κB pathway. CBD administration prior to LPS 
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significantly attenuated the increase in nuclear NF-κB levels, in line with the inhibitor 

effect of CBD on this pathway reported in cell culture studies (Esposito et al., 2006; 

Juknat et al., 2019; dos-Santos-Pereira et al., 2020) and in an animal model of 

Alzheimer’s disease (Esposito et al., 2011). Interestingly, the widely used 

antidepressant fluoxetine also reversed the NF-κB-induced increase in a chronic LPS 

model in mice (Rodrigues et al., 2018). The direct inhibition of NF-kB also presents 

antidepressant-like effects in stress models (Koo et al., 2010). The results obtained in 

NF-κB and IκBα levels fit with the time course of NF-κB pathway activation/deactivation 

described by Hobbs et al. (2018). They reported that LPS activation of TLR4 rapidly 

produces a decrease in IκBα cytoplasmic levels and NF-κB nuclear translocation. 

However, NF-κB deactivation is much slower, as this protein is still increased in the 

nucleus 10 h after LPS exposure, when IκBα cytoplasmic levels have returned to its 

basal expression (Hobbs et al., 2018). All this suggests that the reduction of NF-κB 

pathway activation could participate in the antidepressant-like effect of cannabidiol in 

this neuroinflammatory model induced by LPS administration. 

Regarding PPARγ, it has been reported that LPS produces a reduction in its 

expression in BV2 cells (Juknat et al., 2013; Choi et al., 2017), and in rat cortex (Perez-

Nievas et al., 2010; MacDowell et al., 2013) in a few hours. Thus, the lack of changes 

observed in our experiments 12 hours after LPS exposure may be due to the recovery 

of PPARγ basal levels. In contrast, the administration of CBD induced an increase in 

PPARγ nuclear levels and a decrease in its cytosolic levels. As CBD is a PPARγ ligand 

(O’Sullivan et al., 2009; reviewed in O’Sullivan, 2016), the CBD-mediated activation of 

PPARγ in naïve animals would promote its translocation to the nucleus, as previously 

described (Khan and Abu-Amer, 2003; Kelly et al., 2004; Umemoto and Fujiki, 2012). 

In this regard, other authors have reported that chronic CBD treatment induced an 
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increase in PPARγ levels in the spinal cord of an animal model of multiple sclerosis 

(Giacoppo et al., 2017) and an increase in PPARγ coactivator 1-alpha (PGC-1α) 

mRNA levels in the striatum of an animal model of dyskinesia (Sonego et al., 2018). 

Thus, this is the first time, to our knowledge, that an increase in PPARγ nuclear levels 

is reported with a single CBD administration in vivo. Although PPARγ nuclear levels 

were increased in the CBD naïve group, this was not associated to changes in nuclear 

NF-κB levels. This could be explained by the lack of activation of the NF-κB pathway 

in this experimental group. The lack of changes in nuclear PPARγ levels in the 

CBD+LPS group could be due to the role of PPARγ in the downregulation of the 

pathway. PPARγ can bind to NF-κB in the nucleus and induce the nuclear export of 

PPARγ-NF-κB complex (Chung et al., 2000; Hou et al., 2012), promoting its 

translocation to the cytosol (Kelly et al., 2004). Nevertheless, we cannot exclude the 

possibility that CBD could produce its effects on the NF-κB pathway independently of 

PPARγ activation, as CBD has also shown anti-inflammatory effects that are not 

dependent on PPARγ (Alhamoruni et al., 2012; dos-Santos-Pereira et al., 2020). 

In the evaluation of pro-inflammatory cytokines, LPS administration induced an 

elevation of TNFα plasma levels to a lesser extent than IL-6 levels, as TNFα peaks 

earlier than IL-6 in response to LPS (Andreasen et al., 2008). In contrast, the increase 

in TNFα mRNA expression was higher than the one observed in IL-6 mRNA levels in 

the brain, as previously described (André et al., 2008). The coexistence of depressive-

like behavior and increased plasma IL-6 levels in this neuroinflammatory model, 

agrees with the elevated IL-6 levels observed in animal models of depression (Sukoff 

Rizzo et al., 2012) and in meta-analyses of studies in MDD patients (Dowlati et al., 

2010; Haapakoski et al., 2015). In addition, the dysregulation of both IL-6 production 

and serotonergic neurotransmission, as observed in our model by the increase in the 
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ratio kynurenine/serotonin, is associated with a greater vulnerability to suffering 

depression (Bull et al., 2009). In line with the effect of cannabidiol on the depressive-

like behavior and IL-6 levels presented here, it has been reported that IL-6 knockout 

animals exhibit reduced behavioral despair and resistance to stress-induced 

depression (Chourbaji et al., 2006). In addition, the increased IL-6 levels observed in 

acute depressed patients are reverted to control levels after antidepressant treatment 

(Frommberger et al., 1997). The reduction of IL-6 could be of great importance, as high 

IL-6 levels are associated not only with depressive-like behavior but also with treatment 

resistance (Sukoff Rizzo et al., 2012). Regarding TNFα, previous studies demonstrated 

that its administration induces sickness behavior and neuroinflammation, but not 

depressive symptoms as anhedonia (Biesmans et al., 2015). In addition, a cumulative 

meta-analysis of studies in MDD patients revealed that the association of TNFα with 

the disease is inconsistent, while other inflammatory markers as IL-6 are clearly 

associated to MDD (Haapakoski et al., 2015). This is in accordance with the fact that, 

in this work, CBD exerted antidepressant-like effects in the LPS model without 

producing changes in TNFα levels. These pieces of evidence suggest that the 

antidepressant-like effect of cannabidiol in the LPS model may be partially due to its 

effect over IL-6 levels. 

To further investigate the mechanism of action of CBD responsible for the findings 

presented here, we studied the kynurenine pathway. Our results show an increase in 

the kynurenine/tryptophan ratio in the LPS model, which is indicative of an increased 

IDO activity (Fuchs et al., 1990; Widner et al., 2002; O’Connor et al., 2009). This IDO 

activation is further confirmed by the increased kynurenine/serotonin ratio in these 

animals, showing a tilted balance toward kynurenine synthesis. Moreover, the 

coexistence of behavioral despair and anhedonia with elevated kynurenine levels in 
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our animal model is in line with the behavioral despair (O’Connor et al., 2009) and 

anhedonia (Salazar et al., 2012) induced by kynurenine administration. Conversely, 

CBD administration produced antidepressant-like effects and a decrease in 

kynurenine/tryptophan and kynurenine/serotonin ratios, which is in line with the 

antidepressant-like effect described following IDO enzyme inhibition (O’Connor et al., 

2009; Dobos et al., 2012). Moreover, the inhibition of this enzyme is also associated 

to a lower anhedonic state, as observed in IDO knockout animals (Lawson et al., 2013). 

This body of evidence, together with the reversion of the behavioral and molecular 

changes within the kynurenine pathway promoted by cannabidiol in the LPS model, 

suggest that cannabidiol could be producing its antidepressant- and hedonic-like 

effects in this model by the reduction of brain IDO activity. This could be due to the 

direct inhibition of the enzyme (Jenny et al., 2009), or to the decrease in pro-

inflammatory cytokines (Lestage et al., 2002). Within the kynurenine pathway, recent 

basic and clinical research highlight the involvement of the kynurenine metabolites in 

depression (reviewed in Maes et al., 2011; Barone, 2019). In animal models such as 

LPS-induced neuroinflammation and in MDD patients, the neurotoxic branch of the 

KYN pathway [3-hydroxykynurenine (3-HK) and quinolinic acid (QUIN)] is increased, 

while the neuroprotective branch [kynurenic acid (KYNA)] is decreased (Verdonk et al., 

2019; reviewed in Barone, 2019). This imbalance between the two KYN branches has 

been related to a depressive-like behavior (Parrott et al., 2016; Laumet et al., 2017). 

As it has been recently found that CBD can increase KYNA levels and decrease 3-HK 

and QUIN levels after a neurotoxic stimulus (di Giacomo et al., 2020), all these pieces 

of evidence suggest that the restoration of this neurotoxic/neuroprotective balance 

could be also participating in the antidepressant-like effects elicited by CBD in the LPS 

model presented in this work.
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In summary, our results show for the first time that cannabidiol exerts antidepressant-

like effects in the LPS model of depression, together with a reduction of brain NF-κB 

pathway activation, plasma and brain IL-6 levels and IDO activity. However, we cannot 

exclude the possibility that other mechanisms of action proposed for cannabidiol could 

have also participated in the observed effects. In view of the anti-neuroinflammatory 

actions of CBD associated to its antidepressant-like effect, more research is needed 

to better characterize it as a potential drug in the treatment of depression.
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FIGURE LEGENDS

Figure 1. Experimental design of drug administration and behavioral tests performed 

in this study, and sample collection for the different molecular techniques. CBD: 

cannabidiol, Cx: cortex, Hp: hippocampus, HPLC: high performance liquid 

chromatography, LPS: lipopolysaccharide, OFT: open-field test, PFC: prefrontal 

cortex, qPCR: quantitative PCR, TST: tail suspension test, veh: vehicle, WB: western 

blot. 

Figure 2. Behavioral effect of cannabidiol (CBD) administration in the 

lipopolysaccharide (LPS) model. Immobility time in the tail suspension test (TST) (A), 

sucrose preference test (B), time in the center in the open-field test (OFT) (C), and 

total distance traveled in the OFT (D). Results are expressed as mean ± S.E.M. Two-

way ANOVA followed by Newman-Keuls posthoc test. **p<0.01, and ***p<0.001. 

Correlation between the total distance traveled in the OFT and the immobility time in 

the TST (E). Correlation between the total distance traveled and the time spent in the 

center in the OFT (F). r: Pearson’s correlation coefficient. ns: not significant. veh: 

vehicle group. n=6-9 mice per group. 

Figure 3. NF-κB (A), IκBα (B) and PPARγ (C and D) levels in nuclear (A and C) and 

cytoplasmic (B and D) fractions of cortical samples from lipopolysaccharide (LPS) mice 

with cannabidiol (CBD) treatment. PCNA and GAPDH were used as nuclear and 

cytoplasmic housekeeping proteins, respectively. Representative bands from the 

western blot of each marker and the corresponding housekeeping proteins are shown. 

Results are expressed in percentage vs the vehicle group (veh) and as mean ± S.E.M. 
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Two-way ANOVA followed by Newman-Keuls posthoc test, *p<0.05, **p<0.01, 

***p<0.001. n=6-7 animals per group.

Figure 4. TNFα (A) and IL-6 (B) levels in plasma, and TNFα (C) and IL-6 (D) mRNA 

expression levels in the prefrontal cortex (PFC) of lipopolysaccharide (LPS)-treated 

mice with cannabidiol (CBD) administration. Results are expressed as mean ± S.E.M. 

Two-way ANOVA followed by Newman-Keuls posthoc test, *p<0.05, ***p<0.001. veh: 

vehicle group. n=6-9 animals per group.

Figure 5. Ratio kynurenine/tryptophan (KYN/TRP) (A and C) and kynurenine/serotonin 

(KYN/5-HT) (B and D) in hippocampus (Hp) (A and B) and cortex (Cx) (C and D) after 

cannabidiol (CBD) treatment in the lipopolysaccharide (LPS) neuroinflammatory model 

in mice. Results are expressed as mean ± S.E.M. Two-way ANOVA followed by 

Newman-Keuls posthoc test. *p<0.05, **p<0.01, ***p<0.001. veh: vehicle group. n=5-

9 mice per group. 


