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Lithium is a mood stabilizer widely used in the pharmacotherapy of bipolar disorder and treatment‑resistant depression. Taking 
into account dysregulated inflammatory activity in depression and the immunomodulatory role of lithium, we hypothesized 
that genes associated with inflammatory responses may be potential biomarkers of lithium action. We aimed to compare gene 
expression changes between the brain and the periphery after chronic lithium administration in an animal model of depression. 
Depressive behavior was induced by chronic mild stress protocol for 4  weeks. After 2  weeks, rats started to receive lithium 
(study group) or water (reference group). The control group were rats not exposed to stress. Amygdala, hippocampus, frontal 
cortex and peripheral blood were analyzed using whole transcriptome expression microarrays. Changes were confirmed with 
qPCR and ELISA assay. After 2 weeks of lithium administration, we observed significant changes in gene expression between 
amygdala and peripheral blood. Logistic regression analysis determined Alox15 expression as a  predictor of lithium status, 
as its expression was tissue‑specific and increased in amygdala and decreased in blood. Analysis of serum ALOX15 protein 
revealed its upregulation after two‑week lithium administration. Our study suggests that lithium may have therapeutic potential 
in depressive behaviors. These results indicate immunomodulatory effect of lithium and that Alox15 may be a new potential 
marker of chronic lithium treatment.

Key words: depressive disorder, animal model, lithium, gene expression, Alox15

INTRODUCTION

Depressive disorders are psychiatric conditions 
affecting mood, daily functioning and motivation. 
Major depressive disorder (MDD) is characterized 
by depressed mood, decreased energy, anhedonia, 
problems with concentration, and suicidal thoughts 

and attempts in its most severe form (James et al., 
2018). Previous high‑throughput molecular studies 
and meta‑analyses highlighted the contribution of 
disturbances in the central nervous system i.e., neu‑
rotransmission, synaptic structure and neurotroph‑
ic pathways, hypothalamic‑pituitary‑adrenal (HPA) 
stress axis dysregulation. Furthermore, there are al‑
terations less specific to the brain such as olfactory 
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transduction pathways and immune system activation 
including microglia polarization, proinflammatory 
cytokine production and metabolic changes (Szcze‑
pankiewicz et al., 2013; 2021b; Kohli et al., 2016; Mal‑
hi and Mann, 2018; Enache et al., 2019; Howard et al., 
2019; Penner‑Goeke and Binder, 2019; Sakrajda and 
Szczepankiewicz, 2021). 

Lithium has been well described in treating main‑
ly bipolar disorder, but previous studies also indicated 
its therapeutic potential to treat depression (Malet‑
ic and Raison, 2014; Rybakowski, 2020), in particular 
treatment‑resistant depression and high suicidal risk 
patients (Abou‑Saleh et al., 2017; Undurraga et al., 
2019; Rybakowski, 2020). Studies focused on molecu‑
lar action of lithium described its impact on the gly‑
cogen synthase kinase 3 beta (GSK‑3β) inhibition, the 
phosphatidylinositol pathway, and cyclic adenosine 
monophosphate (cAMP) second messenger signaling 
pathway (Bellivier and Marie‑Claire, 2018; Rybakow‑
ski, 2020). Furthermore, lithium also showed immu‑
nomodulatory potential and, in addition to the brain, 
the immune system is significantly involved in lithium 
responsiveness (Krebs et al., 2020; Najafi et al., 2020). 
Recently, we found that lithium influences olfactory 
and taste transduction gene expression pathways in 
rat models of mania and depression (Szczepankiewicz 
et al., 2021a).

So far, a few studies described changes in the brain 
transcriptome upon lithium treatment (McQuillin et 
al., 2007; Chetcuti et al., 2008; Brzózka et al., 2016). 
However, only the latter study analyzed the effect of 
lithium in the hippocampus of animals undergoing 
a  stress protocol, although the lithium was applied 
before the stress procedure. Moreover, despite stud‑
ies comparing the central and peripheral gene ex‑
pression changes (Berrettini et al., 1983; Leschiner et 
al., 2000; Li et al., 2012) there is still a lack of studies 
comparing the gene expression profile between dis‑
tinct brain regions and peripheral blood after lithi‑
um treatment in a  depression model. Therefore, we 
hypothesized that lithium affects the gene expres‑
sion profile in selected brain regions, and that these 
changes correspond to those observed in peripheral 
blood. The genes altered by lithium both in the brain 
and periphery may be useful biomarkers of lithium 
action in depression. 

Therefore, this study aimed to analyze the gene ex‑
pression profile after chronic lithium administration in 
three brain regions involved in mood regulation (amyg‑
dala, frontal cortex and hippocampus) and in peripher‑
al blood in a  rat model of depression. The study also 
aimed to identify genes showing significant differences 
between brain and blood as they may be new potential 
biomarkers of lithium action. 

METHODS

Animal model of depression

The local ethical committee approved the ani‑
mal‑based experimental procedures (University of Life 
Sciences, agreement no. 22/2017, 23 June 2017), and 
the study was carried out according to the 3Rs rule. We 
used adult male Wistar rats with the baseline weight 
of 180 ± 10 g (outbred, Crl: Wl, AnimaLab, Poland). The 
rats were group‑housed and kept for a  week of accli‑
matization with food and water availability ad libitum, 
12 h light/dark cycle and a temperature of 22 ± 1°C, be‑
fore random division into three experimental groups 
(chronic mild stress‑exposed group receiving lithium, 
chronic mild stress‑exposed group receiving water and 
a  control group not exposed to stress) with three an‑
imals in each group. The depressive behavior was ob‑
tained using the chronic mild stress protocol (CMS) as 
described previously (Papp, 2012; Szczepankiewicz et 
al., 2021a; 2021b). The control group was maintained 
under the same conditions as the other experimen‑
tal groups. The depressive‑like behavior was assessed 
during the light phase of the cycle using forced swim 
test (FST) and open field test (OFT). Change in the an‑
alyzed parameters of greater than 40% after CMS pro‑
tocol was considered as confirmation of depressive‑like 
behavior, as described previously (Szczepankiewicz et 
al., 2021a; 2021b).

Lithium administration

After two  weeks of the CMS protocol, lithium was 
administered to the lithium‑receiving group of ani‑
mals exposed to stress. Lithium solution in water was 
given daily directly into the mouth with a syringe for 
two weeks in the dose of 1 mg/kg of body mass (Atcha 
et al., 2010; Perveen et al., 2013; Szczepankiewicz et 
al., 2021a). The non‑lithium treated group exposed to 
stress, as well as the control group received water in 
the same manner.

Tissue collection

Two weeks after the first dose of lithium or water, 
rats were sacrificed by decapitation. The brain tissue 
regions (amygdala, hippocampus and frontal cortex) 
and blood were collected immediately after the ani‑
mals were sacrificed. Brain regions were extracted and 
cleaned from white matter and subcortical structures, 
then snap‑frozen in liquid nitrogen and stored in ‑80°C 
for further analysis. Peripheral blood samples were 
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collected in EDTA coated anticoagulant tubes and tubes 
without anticoagulant for RNA extraction and serum 
protein levels analysis. The EDTA tubes with the addi‑
tion of lysis buffer were stored at ‑80°C for further RNA 
extraction. The tubes without anticoagulant were cen‑
trifuged after one hour to obtain serum, and the serum 
samples were frozen at ‑80°C for further analysis.

Microarray gene expression analysis

The brain and blood samples for RNA extraction 
were used to assess the gene expression profile. RNA 
from brain regions was extracted using Nucleospin 
RNA/Protein kit (Macherey Nagel, Dylan, Germany) 
and from the blood using a  Nucleospin RNA Blood kit 
(Macherey Nagel, Dylan, Germany). RNA integrity (RIN) 
was assessed using Tape Station 2200 (Agilent Tech‑
nologies, Cedar Creek, TX, USA). RNA concentration 
was measured using a  fluorimeter (Quantus, Promega, 
Madison, WI, USA). The RNA samples from the amyg‑
dala, hippocampus, frontal cortex and blood from all 
animals were used for microarray analysis in the input 
amount of 100 ng. We conducted microarray transcrip‑
tome profiling using SurePrint G3 Rat Gene Expression 
v2 Microarray Kit in the format 8 × 60 k and one‑color 
Low Input Quick Amp Labeling Kit (Agilent) following 
the manufacturer’s protocol. The hybridization signals 
were detected using SureScan Dx Microarray Scanner 
(Agilent) and analyzed with Agilent Feature extraction 
software v.12.0.3.1.

qPCR gene expression analysis

For qPCR verification, 100 ng of total RNA samples 
was used for reverse transcription using Go Script Re‑
verse Transcription Kit (Promega) following the manu‑
facturer’s protocol. The qPCR with SYBRGreen and spe‑
cific primers of our own design (Table 1) were used to 
assess the mRNA expression of selected genes. 

We used Gapdh as an endogenous control for brain 
samples and Actb for peripheral blood samples, based 
on a  pilot optimization experiment (data not shown). 

The amplification and detection were performed using 
the Abi Prism 7900HT detection system (Applied Bio‑
system). The expression levels were assessed using the 
‑ΔΔCt method.

Protein expression in rat serum

For the Alox15 gene, expression at the protein level 
was analyzed in the serum from stress‑exposed rats re‑
ceiving lithium as compared to the non‑lithium treated 
stress‑exposed group. Concentrations of ALOX15 pro‑
tein in serum was measured using Abbexa Rat Arachido‑
nate 15‑Lipoxygenase (ALOX15) ELISA kit following the 
manufacturer protocol. Samples were run in technical 
duplicates. The absorbance was read on a plate reader 
(Asys UVM 340) at wavelength 450 nm. Protein concen‑
tration was then quantified against a  standard curve. 
The detection range of the kit was 31.2 – 2000 pg/ml.

Statistical analysis

Results of behavioral testing were analyzed using 
a  t‑test for paired samples (p<0.05) after performing 
the Shapiro‑Wilk test to verify the normality of data 
distribution in Statistica 14.0 software (from StatSoft, 
TIBCO Software Inc.).

The analysis of gene expression data from microar‑
ray analysis was performed using Gene Spring 14.9 
software (from Agilent Technologies, Santa Clara, CA, 
USA). We identified differentially expressed genes 
based on a fold of change (FC) calculation, using mod‑
erated t‑statistics from the empirical Bayes method af‑
ter normalization of fluorescence signal. The list of sig‑
nificant changes in expressed transcripts (P<0.05 and 
FC>1.5) was generated using filtering (moderated t‑test 
with FDR multiple test correction). 

Venn diagrams presenting the shared signifi‑
cantly changed genes between brain regions and 
blood were prepared using a  free‑to‑use tool http://
bioinformatics.psb.ugent.be/webtools/Venn.

We used logistic regression to estimate if expression 
of selected genes depending on tissue (brain or blood) 

Table 1. Primer sequences for gene expression analysis.

Gene Forward primer Reverse primer

Gapdh CAACTCCCTCAAGATTGTCAGCAA GGCATGGACTGTGGTCATGC

Actb GCAGGAGTACGATGAGTCCG ACGCAGCTCAGTAACAGTCC

Alox15 ACCTCCCTGTAGACCAACGA GGCCACTCTTGAAAACGCAG
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can be a  good predictor of lithium treatment status 
(p<0.05), based on normalized signal values. To compare 
the differences in the Alox15 mRNA expression and the 
protein level between groups, we used a t‑test (p<0.05) 
after verifying the normal distribution of data with the 
Shapiro‑Wilk test. Analyses were performed in Statis‑
tica 14.0 software (from StatSoft, TIBCO Software Inc.).

RESULTS

Behavioral changes after lithium administration

After 4‑week CMS protocol, the depressive‑like be‑
havior manifested by reduced exploration time and dis‑
tance in OFT and shorter active climbing time in FST 
compared to the control group (non‑stress‑exposed 
rats) (Szczepankiewicz et al., 2021b). The two‑week 
lithium administration resulted in behavioral chang‑
es in lithium‑treated rats compared to the non‑treat‑
ed depression group. The lithium‑treated group did 
not differ significantly compared to the control group. 
After two‑week lithium treatment, the stress‑exposed 
rats presented significantly reduced immobility time 
(t=‑4.075, P=0.015), longer exploration time (t=2.780, 
P=0.049), and a  higher medium speed and longer dis‑
tance travelled (t=3.806, P=0.019 and t=3.790 P=0.019, 
respectively, shown in Fig.1A) in OFT test as compared 
to the non‑lithium treated stress‑exposed rats. The 
OFT also showed significant behavioral changes be‑
tween non‑lithium treated stress‑exposed rats and the 
control group (not exposed to stress), i.e., longer im‑
mobility time (t=3.618, P=0.022), lower medium speed 
(t=‑3.359, P=0.028), and shorter distance travelled 
(t=‑3.374, P=0.028), but we observed no significant dif‑
ferences between the lithium‑treated group and the 
control group (Fig.1A). In animals exposed to stress and 
receiving lithium for two  weeks, we observed longer 
active climbing time in FST as compared to non‑lithi‑
um treated stress‑exposed rats, but this difference was 
not significant (t=2.178, P=0.095, Fig. 1B). We observed 
significantly reduced active climbing time in non‑lith‑
ium treated rats exposed to stress compared to the 
control group (t=‑4.230, P=0.013, Fig. 1B). No significant 
changes were observed between the lithium‑treated 
stress‑exposed group and the control group. 

Transcriptome changes after two weeks 
lithium administration

We observed significant gene expression chang‑
es in rats exposed to stress and treated with lithium 
for two  weeks compared to the non‑lithium treated 

stress‑exposed group (corr P<0.05) in amygdala and 
blood. We found 13 530 differentially expressed genes 
in the amygdala (including 360 upregulated and 13 170 
downregulated) and 6 473 genes in the blood (includ‑
ing 1 381 upregulated and 5 092 downregulated genes). 
Among these, the expression of 2806 genes underwent 
significant changes upon lithium administration in 
both tissues (P<0.05 and FC>1.5, Fig. 2A). No significant 
changes in gene expression profile were observed in 
the hippocampus and frontal cortex. Therefore, in fur‑
ther analysis we compared the expression profiles be‑
tween amygdala and blood.

To identify the genes significantly altered by chron‑
ic lithium administration in brain and in the periphery, 
we further analyzed 34 genes whose expression was 
significantly upregulated by lithium in the amygdala 
and altered in blood. The logistic regression analysis of 
normalized signal values showed that only the expres‑
sion of Alox15 differed significantly in amygdala and 
blood depending on lithium status (OR=17.028, P=0.016) 
(Fig.  2B). The other genes were not significantly dif‑
ferent between groups in these two tissues. Based on 
these results, we further investigated Alox15 expression 
on mRNA and protein level.

Alox15 mRNA and protein expression 

Gene expression analysis by qPCR confirmed that 
stress‑exposed rats receiving lithium had signifi‑
cantly higher expression of Alox15 in the amygdala 
than the non‑lithium treated stress‑exposed group 
(t=3.972, P=0.016), but no changes were observed be‑
tween the lithium‑treated rats and the control group. 
We also demonstrated significantly lower expression of 
Alox15 (t=‑2.823, P=0.047) between non‑lithium treated 
stress‑exposed rats and the control group (Fig. 3A). 

The gene expression qPCR analysis in blood did 
not confirm a  significant difference between the lithi‑
um‑treated stress‑exposed group and the non‑lithium 
treated stress‑exposed group. However, we demonstrat‑
ed significantly lower expression of Alox15 (t=‑6.648, 
P=0.003) in the blood of lithium‑treated stress‑exposed 
rats compared to the control group (Fig. 3B). Results of 
the qPCR analysis confirmed the opposite direction of 
changes in Alox15 expression between both tissues after 
lithium treatment, namely increased expression in the 
amygdala and decreased expression in blood (Fig. 3A, B). 

Next, we analyzed the expression of ALOX15 protein 
in serum and we observed significantly higher expres‑
sion in the stress‑exposed animals receiving lithium 
(1244.32 ± 101.15 pg/ml) compared to the non‑lithium 
treated stress‑exposed group (1008.94 ± 83.23 pg/ml) 
(t=3.112, P=0.003) (Fig. 3C).
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Fig. 1. Behavioral changes in the group of lithium‑treated stress‑exposed animals compared to non‑treated stress‑exposed animals, and control group 
(not exposed to stress); (A) Results of the open field test (OFT); (B) Results of the forced swim test (FST); * indicates significance, boxes indicates mean 
± SEM, whiskers indicates mean ± 95% CI, • indicate individual values. 
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Fig. 2. Transcriptome changes upon lithium treatment of depressive like rats: (A) Differentially expressed genes (up‑ or downregulated) in stress‑exposed 
rats after two weeks of lithium treatment in amygdala and blood compared to the non‑lithium treated stress‑exposed group; (B) Expression of the Alox15 
in blood and amygdala of the stress‑exposed animal model of depression with and without lithium administration; data on the X and Y axes represent 
normalized signal values.
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DISCUSSION

The main finding of this study is the observation 
that the gene expression profile is significantly al‑
tered in the amygdala and blood after chronic lithium 
administration in a  rat model of depression. We also 
observed that among 34 genes activated by lithium in 
the amygdala, the expression of Alox15 undergoes op‑
posite changes between the amygdala and peripheral 
blood depending on lithium status and may be a poten‑
tial link of lithium action between the brain and the 
periphery. 

Comparison of the expression profiles between 
amygdala and blood after chronic lithium treatment 
in the rat model of depression showed that Alox15 
expression was significantly influenced by lithium, 
showing upregulation in the amygdala and downreg‑
ulation in blood. This is consistent with the results of 
a recently published in silico study showing the oppo‑
site gene expression pattern between brain and blood 
in response to lithium (Najafi et al., 2020). These au‑
thors found that genes involved in lithium response 
were enriched in brain tissue, but were downregu‑
lated in the blood and immune cells, whereas those 
enriched in the blood and immune system presented 
their lowest expression levels in the brain. Interest‑
ingly, our results also indicated increased expression 
of Alox15 in the brain (amygdala) and downregula‑
tion in blood in lithium‑treated stress‑exposed rats 
compared to non‑stress‑exposed control. Thus, the 
decreased blood expression of Alox15 after chronic 
lithium treatment may indicate an immunomodula‑
tory potential of lithium. Currently, there is a lack of 
experimental studies comparing the gene expression 
changes between brain regions and peripheral blood 
during lithium administration. 

The Alox15 gene encodes 15‑lipoxygenase, an en‑
zyme involved in synaptic signaling, inflammatory 
processes, red blood cell maturation and adipocyte 
differentiation (Ivanov et al., 2015; Tian et al., 2017; 
Snodgrass et al., 2020). ALOX15 is one of the critical 
enzymes involved in biosynthesis of lipid‑based medi‑
ators of inflammatory processes (Serhan 2014; Ivanov 
et al., 2015; Kuhn et al., 2016; Tian et al., 2017; Sno‑
dgrass et al., 2020). Notably, Alox15 is not expressed in 
proinflammatory or naïve macrophages, but is pres‑
ent in the pro‑resolving polarized macrophages (M2 
macrophages) (Snodgrass et al., 2020). Due to its in‑
volvement in the inflammatory resolving processes, 
Alox15 might be a potential biomarker of any immuno‑
modulatory mode of action of lithium. 

The expression of Alox15 is regulated by Th2 in‑
flammatory cytokines (i.e. IL‑4 and IL‑13). After 
stimulation, ALOX15 facilitates the synthesis of spe‑

Fig.  3. The expression of Alox15 mRNA in the amygdala (A) and blood 
(B) in the group of lithium‑treated stress‑exposed animals compared to 
non‑treated stress‑exposed animals, and control group (not exposed to 
stress), and change in the serum protein concentration of ALOX15 (C) 
in the group of lithium receiving stress‑exposed animals compared to 
non‑treated stress exposed group; * indicates significance, boxes indicates 
mean ± SEM, whiskers indicates mean ± 95% CI, • indicate individual values.
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cialized pro‑resolving mediator precursors (SPMs) 
such as 15‑hydroxyeicosatetraenoic acid (15‑HETE), 
17‑hydroxydocosahexaenoic acid (17‑HDHA) and re‑
solvin D5 (Serhan 2014; Kuhn et al., 2016; Tian et al., 
2017; Snodgrass et al., 2020). The role of ALOX15 in 
resolving brain inflammatory processes was previous‑
ly presented by Xu et al. (2017), who found that in‑
tracerebral hemorrhage (ICH) significantly increased 
brain expression of Alox15 (and Alox12). This increase 
resulted in higher concentrations of products of reac‑
tions catalyzed by ALOX15 (e.g., 15(S)‑HETE) that par‑
ticipate in the inflammation‑resolving processes and 
neuroprotection.

The anti‑inflammatory potential of Alox15 was also 
observed in a  study analyzing mice with Alox15 defi‑
ciency (Alox15 knock‑out) (Kim et al., 2018). These 
mice presented increased infiltration of proinflamma‑
tory macrophages, that led to enhanced inflammation 
in the dermis and dermal adipose tissue, and disrupt‑
ed skin integrity. These symptoms disappeared after 
the treatment with resolvin D2, a  product of a  reac‑
tion catalyzed by ALOX15 (Kim et al., 2018). Interest‑
ingly, Uderhardt et al. (2012) demonstrated that Alox15 
expression during the inflammatory state is site‑spe‑
cific for the resident macrophages of the target tissue, 
but not for blood monocytes. As the brain‑resident 
macrophages, namely microglia, in the amygdala may 
be involved in the inflammatory processes in depres‑
sive disorders, that may explain the upregulation of 
Alox15 in the amygdala but downregulated in periph‑
eral blood upon lithium administration.

Conversely, despite the observed trend of lower ex‑
pression level of the Alox15 mRNA in peripheral blood 
after lithium, we found increased protein levels in the 
serum of lithium‑receiving stress‑exposed animals 
compared to the non‑lithium treated stress‑exposed 
group. These results may be explained by enhanced 
translation of ALOX15 induced by lithium, and there‑
fore less Alox15 transcripts on mRNA level. These ob‑
servations may also suggest that ALOX15 passes the 
blood‑brain barrier and exert an effect in the amyg‑
dala to recover depressive‑like symptoms. Additional 
studies comparing ALOX15 protein levels in the blood 
and serum will be helpful in further analysis of the in‑
fluence of lithium treatment. However, to date there 
are no reports of a direct signaling pathway connect‑
ing the ALOX15 and lithium treatment. 

The small number of the animals involved is a po‑
tential limitation of our pilot study. Further analyses 
on larger groups are needed to evaluate and confirm 
our results. In the future, we plan to study how the 
lithium treatment regulates the inflammatory media‑
tors influenced by ALOX15.

CONCLUSION

Our study suggests that, in the depression model, 
chronic lithium treatment affects gene expression pro‑
files in the brain (amygdala) and the periphery (blood). 
In the context of the inflammatory theory of depres‑
sion, our results may support the anti‑inflammatory 
potential of lithium. The link between the Alox15 ex‑
pression in the brain and blood during lithium treat‑
ment suggest it may be a new marker of lithium action. 
Further functional studies assessing the other inflam‑
matory mediators regulating ALOX15 activity in brain 
and blood are necessary to confirm that ALOX15 plays 
a role in lithium action.
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