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Abstract
Major depressive disorder (MDD) is a complex and multifac-
torial psychiatric disorder that causes serious health, social, 
and economic concerns worldwide. The main treatment of 
the symptoms is through antidepressant (AD) drugs. How-
ever, not all patients respond properly to these drugs. Omic 
sciences are widely used to analyze not only biomarkers for 
the AD response but also their molecular mechanism. In this 
review, we aimed to focus on omics data to better under-
stand the molecular mechanisms involving AD effects on 
MDD. We consistently found, from preclinical to clinical data, 
that glutamatergic transmission, immune/inflammatory 
processes, energy metabolism, oxidative stress, and lipid 
metabolism were associated with traditional and potential 
new ADs. Despite efforts of studies investigating biomarkers 
of response to ADs, which could contribute to personalized 
treatment, there is no biomarker panel available for clinical 
application. From clinical genomic studies, we found that 
the main findings contribute to the development of pharma-

cogenomic tests for AD efficacy for each patient. Several 
studies pointed at DRD2, PXDNL, CACNA1E, and CACNA2D1 
genes as potential targets for MDD treatment and the effi-
cacy and rapid-antidepressant effect of ketamine. Finally, 
more in-depth studies of the molecular targets pointed here 
are needed to determine the clinical relevance and provide 
further evidence for precision MDD treatment.

© 2021 S. Karger AG, Basel

Introduction

As one of the most common and disabling psychiatric 
disorders, major depressive disorder (MDD) affects >320 
million people worldwide and has a lifetime prevalence of 
10.8–16.2% [1, 2]. MDD symptoms include depressed 
mood, loss of pleasure, appetite and sleep disturbance, 
feelings of extreme sadness or guilt, low self-esteem or 
self-worth, feelings of tiredness, and poor concentration, 
which can negatively affect the subject’s social and family 
life, besides reducing work productivity, causing great 
rates of unemployment [3, 4]. Antidepressants (ADs) are 
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the main pharmacologic strategy to reverse depressive 
symptoms. However, up to 30% of patients are refractory 
to currently available ADs [5].

These drugs act mainly as selective serotonin reuptake 
inhibitors (SSRIs), enhancing the synaptic levels of 5-HT 
and decreasing the firing activity of norepinephrine and 
dopamine neurons [6]. On the other hand, not all mo-
lecular mechanisms associated with MDD are known and 
are therefore not targeted by ADs. Furthermore, choosing 
the optimal AD for a patient is based on hit-and-miss at-
tempts, where several unsuccessful attempts can end up 
burdening them and lead to a late treatment-resistant de-
pression (TRD) diagnostic [7, 8]. Thus, it remains neces-
sary to develop more precise treatment approaches, de-
signed selectively for biologically defined subtypes of this 
disorder, as well as to improve the knowledge about mo-
lecular mechanisms of ADs and new molecules [9]. As 
MDD is a multifactorial disorder with heterogeneous 
symptoms and complex pathophysiology, omic ap-
proaches are strategies that can provide a better compre-
hension of this disorder.

Omic studies can potentially provide biomarkers for 
patient response to ADs and be helpful to identify new 
therapeutic targets [10–12]. Taking that into account, we 
searched, in the PubMed database (https://www.ncbi.
nlm.nih.gov/pubmed), for studies using omic techniques 
to shed light on MDD treatments from 2014 to 2020. We 
used the search terms major depressive disorder* com-
bined with drug treatment* AND proteomics* OR tran-
scriptomics* OR genomics* OR metabolomics*. Also, an-
tidepressant drug* AND depression* combined with the 
“omics” terms already mentioned. An initial selection of 
articles was conducted by 2 independent authors. Re-
views and book chapters were excluded. Only studies 
based on omic sciences related to MDD were selected, 
which resulted in 61 articles.

Animal Models

Proteomic Studies
Animal models have been widely used to comprehend 

the effects of ADs. Among the pharmacologic treatments 
investigated, several articles studied the effects of chronic 
use of fluoxetine (FLX), an SSRI AD [13, 14]. For in-
stance, a study analyzed the hippocampus (HPC) of 
chronically socially isolated rats after FLX treatment [13]. 
In terms of the proteome, the cytosolic and nonsynaptic 
mitochondrial subproteome involved in the tricarboxylic 
acid cycle and oxidative phosphorylation was upregulat-

ed after treatment [13]. Still, in the cytosolic and nonsyn-
aptic mitochondrial hippocampal proteomes of FLX 
treated mice versus controls, another study revealed that 
the most relevant differentially expressed proteins in the 
HPCs cytoplasm were related to the chaperone system, 
cytoskeletal components, and calcium signaling [14], 
while the most relevant in nonsynaptic mitochondria 
were catalytic enzymes involved in the pyruvate metabo-
lism, citric acid cycle, oxidative phosphorylation, synthe-
sis and transduction of ATP, and glutamate metabolism 
[14]. Collectively, these results suggest a relationship be-
tween FLX mechanism of action and energy metabolism, 
as well as a complex effect on neuronal signaling mecha-
nisms potentially involved in restoring plasticity in the 
adult brain.

Studies have also compared the effects of FLX with 
other ADs and molecules. Comparing FLX and donepe-
zil, an acetylcholinesterase inhibitor, after a chronic social 
defeat depression model in mice, a study [15] showed that 
FLX reversed anhedonia-like behavior and improved rec-
ognition memory and inhibitory learning in a stressor-
related context, whereas donepezil only improved fear of 
extinction [15]. Proteomic analysis of the HPC revealed 
that altered proteins in the social defeat model were main-
ly related to reduced glutamatergic neurotransmission, 
increased glutamate clearance, impaired Ca2+ homeosta-
sis, and learning processes. These alterations were re-
versed by FLX but not by donepezil [15]. Collectively, 
these results showed a possible association between the 
FLX effects with glutamatergic AMPA receptor transmis-
sion and Ca2+ responsive intracellular signaling, poten-
tially influencing synaptic plasticity and therefore learn-
ing and memory [15].

FLX effects were also compared to imipramine (IMP), 
a tricyclic AD in an animal model of depression based on 
the prenatal stress procedure [16, 17]. Despite their dif-
ferent mechanisms of action, mitochondrial activity was 
modulated by both ADs, normalizing the depression-like 
behavior in rats [16, 17]. Moreover, IMP modulated pro-
teins involved in synaptic function, learning and memory 
processes, and respiration, whereas FLX modulated pro-
teins involved in the attenuation of neurodegenerative 
processes, mitochondrial biogenesis, and oxidative de-
fense, as well as in the improvement of learning and 
memory processes [16, 17]. IMP also modulated proteins 
involved in oxidative stress and immune responses, 
phagocytosis, and cell migration on a rat primary mixed 
glial culture [18]. It upregulated proteins related to gly-
colysis but negatively influenced proteins which deter-
mine the mitochondrial membrane potential [18].
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Other studies measured enzyme activities on male rats’ 
HPC treated with desipramine (tricyclic AD) and FLX 
[19, 20]. They showed that both treatments led to altera-
tions in mitochondrial bioenergetics, especially related to 
energy requirements of pre and postsynaptic compart-
ments [19]. Further, results from the catalytic activities of 
regulatory enzymes from mitochondrial energy-yielding 
metabolic pathways highlighted that these ADs modified 
the activities of selected enzymes of mitochondria from 
different cell types, leading to metabolic modifications in 
the energy metabolism of the brain cortex [20].

Regarding potential new pharmacologic approaches, 
the fatty amide oleamide had AD-like effects in the chron-
ic mild stress rat model [21]. After treatment, proteomic 
analysis of the HPC showed altered proteins involved in 
processes such as energy metabolism, oxidative stress, 
and cell communication of stressed oleamide-treated rats 
[21]. Based on these findings, the altered proteins reveal 
potential candidates as therapeutic targets. In this line, 
ketamine (KET) has recently been approved as a medica-
tion for TRD [22]. An animal study that evaluated the ef-
fect of low doses of KET in the HPC found a correlation 
between the FST floating time and the ATP/ADP metab-
olite ratio, which decreased after a single injection of the 
drug [23], suggesting that KET AD effect may be medi-
ated by energy metabolism and the antioxidant defense 
system. A study comparing the amygdala and HPC in a 
chronic unpredictable mild stress (CUMS) rat model 
showed a proteomic signature of the acute esketamine ef-
fect in the amygdala with actin nucleation and glutamate 
signaling pathways as the most significant biologic pro-
cesses affected [24]. Acute KET treatment also led to sig-
nificant changes in signaling kinases and proteases in the 
HPC, synaptic and energy pathways in the prefrontal cor-
tex, and peripheral inflammation and growth factor dys-
regulation in serum analysis of a corticosterone mice 
model of depression [25]. It is interesting to note that the 
fibroblast growth factor 9 has not been reported previ-
ously and modulates the expression of myelin-related 
proteins and multiple fibroblast growth factor receptors 
in developing oligodendrocytes [25]. Impairments in 
these cells have been reported in MDD patients, and it 
might be an important key in treatment and pathophysi-
ology of the disorder. Taken together, these findings in-
dicate that KET-induced effects are involved in synaptic 
plasticity, inflammation, growth factor signaling, and in 
the balance between excitatory and inhibitory signals.

Nimesulide, a classical nonsteroidal anti-inflammato-
ry, had an AD-like effect when administered in a CUMS 
rat model [26]. Proteins modulated in the animal’s HPC 

were mainly involved in the formation of cellular compo-
nents, such as cytoplasm and extracellular exosome, and 
the regulation of cellular response to oxidative stress. Dif-
ferentially expressed proteins are also mainly involved in 
metabolic and endocytosis pathways [26]. Overall, these 
results show that nimesulide might mediate its AD effect 
through the inhibition of oxidative stress and inflamma-
tory response.

Last, proteomic analysis of the hippocampal tissue 
from neutral amino acid transporter SLC6A15 knock-out 
mice together with several in vitro assays in primary hip-
pocampal neurons showed that the differentially ex-
pressed proteins identified were involved in pathways of 
metabolic, mitochondrial, and structural functions [27]. 
Besides that, a reduced release probability at glutamater-
gic synapses, increased mitochondrial function, higher 
glutathione/glutathione disulfide redox ratio, and an im-
proved neurite outgrowth in primary neurons lacking SL-
C6A15 was also reported [27]. Taken together, these find-
ings provide indications that a pharmacologic or genetic 
reduction of SLC6A15 activity may be a promising ap-
proach for AD therapy.

Other Omics
A genomic study showed that berberine, a natural al-

kaloid, was associated with gastrointestinal flora altera-
tions in a chronic unpredictable stress rat model [28]. The 
treatment with the inulin-type prebiotic fructo-oligosac-
charides purified from Morinda officinalis in a CUMS rat 
model resulted in AD-like effects and repair of intestinal 
epithelial damages, reinstating the dysbiosis in depressive 
rats’ gut [29]. Moreover, inulin-type prebiotic fructo-oli-
gosaccharides promoted the abundance of the bacterial 
phylum Cyanobacteria and decreased corticosterone lev-
els [29]. Together, these analyses implied that AD-like ef-
ficacy was strongly associated with the modulation of the 
microbiota-gut-brain axis.

Regarding treatment response, an increase of methyla-
tion in the P11 promoter was related to a good response 
in the chronic mild stress model after electroconvulsive 
therapy (ECT) in a genomic landscape [30]. These data 
can help diagnose and properly treat patients avoiding 
repeated trial and error treatment attempts.

The hippocampal transcriptional profile in postmor-
tem samples was also evaluated to identify common sig-
natures in the MDD rat model and humans [31]. Data 
allowed the identification of a hippocampal transcrip-
tional signature of resilient or susceptible responses in rat 
MDD models which overlapped with gene expression al-
terations observed in patients with depression. Also 
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through a transcriptomic approach, biomarkers predic-
tive of FLX response, candidate trait biomarkers, and 
candidate state biomarkers were also found in the CUMS 
animal model, followed by validation in humans [32]. Re-
garding KET effects, transcriptomics analyses showed an 
abnormal expression of the 2 circular RNAs in the HPC 
of rats after treatment [33]. Besides that, several biologic 
processes were regulated by the target genes of the 2 cir-
cular RNAs [33].

Other possible treatments were investigated by metab-
olomics. For instance, the chronic treatment with the mi-
nocycline antibiotic had an AD-like effect, inhibited neu-
roinflammation in the HPC, and altered species abun-
dance and metabolites of gut microbiota in CUMS mice 
[34]. It also ameliorated intestinal barrier disruption and 
reduced the bacteriological indexes, such as diamine oxi-
dase, C-reactive protein, and endotoxin in peripheral 
blood of CUMS mice. Therefore, the AD-like mechanism 
of chronic minocycline treatment is maybe due to the 
combined action of neuroinflammation and gut micro-
biota modulation [34]. Regarding herbal extracts, the sig-
nificant AD-like activity of the alkaloidal fraction of M. 
cordifolium (A. cordifolia) root extract, might be attrib-
uted in part to its considerable content of mesembrane 
alkaloid 5, which is postulated to have potent inhibitory 
activity in serotonin transporter, as suggested by in silico 
virtual screening [35].

Proteomic analysis combined with metabolomics also 
indicated that chronic paroxetine (SSRI) treatment af-
fects purine, pyrimidine, glutamatergic, and ubiquitin-
proteasome system, having a crucial role in the AD treat-
ment response in both mice and human [36, 37]. More-
over, transcriptomics combined with metabolomics also 
showed that the treatment with paroxetine has an influ-
ence not only on the composition of gut microbes in mice 
but also on the levels of animal bile acids, which in turn 
may be linked with behavior alterations [38]. Addition-
ally, the microbiota alpha diversity between paroxetine- 
and vehicle-treated mice, suggest that microbiota func-
tions are altered by the drug [38].

Clinical Studies

Proteomic Studies
Biomarker studies allow distinguishing between re-

sponder and nonresponder patients to AD treatments. 
Investigations of peripheral blood mononuclear cells col-
lected from AD responder and nonresponder MDD pa-
tients identified alterations in GTPase activity pathway, 

platelet activation, antigen processing, and presentation 
pathways [39]. Members of the integrin signaling path-
way, RAS-related proteins, and ubiquitin-proteasome 
system were differentially expressed between blood 
mononuclear cells of responders and nonresponders pa-
tients as well [40]. Turck et al. [41] showed that differ-
ences in the levels of 29 proteins at baseline were found 
in the group with a favorable treatment response, where 
most of these proteins were components of metabolism 
or immune response pathways as well as multiple com-
ponents of the coagulation cascade. After the treatment 
period, 2 proteins that were altered in responders and 9 
in nonresponders overlapped with those proteins that 
had been identified in the baseline group [41]. Of this, the 
fibrinogen alpha chain was 1 of the 9 altered proteins in 
nonresponders as shown by our group [42].

The search for biomarkers of response to venlafaxine 
(a serotonin-norepinephrine reuptake inhibitor), IMP, 
and mixed ADs was also accessed by Chan et al. [43]. The 
identified biomarkers in the patient’s serum were pre-
dominantly involved in immune/inflammatory processes 
and blood coagulation followed by endocrine and growth 
factor signaling [43]. Apolipoprotein A-IV was the most 
reproducible biomarker of treatment response and also 1 
validated through LC-MS, being significantly associated 
with response to treatment with venlafaxine and mixed 
ADs [43].

In this line, an exploratory study analyzed plasma pro-
tein signatures associated with the response to escitalo-
pram (SSRI), and the authors found that 37 proteins were 
significantly associated with response/time [44]. In addi-
tion, gene ontology annotation showed that response to 
the stimulus was the biologic process that had more al-
tered proteins during 10 weeks of treatment [44].

Further, Lee et al. [45] showed a serum biomarker pan-
el consisting of 6 proteins which results suggest that the 
modulation of the immune and inflammatory systems 
and lipid metabolism are involved in the pathophysiology 
of MDD [45]. Many of the markers to treatment response 
point in interesting directions which could lead to a better 
comprehension not only about the treatment of MDD but 
also in the pathophysiology of this disorder, which in turn 
shed light on the investigations of potential new targets.

Other Omics
A genomic study using DNA extracted from saliva to 

derive polygenic risk scores for MDD reported that after 
multiple testing corrections, polygenic risk scores in the 
drug metabolic pathway significantly predicted recurrent 
depression [46]. Among genes in this pathway, CYP2C19 
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and CBR1 appear to contribute the most to MDD liabil-
ity [46]. These results seem to be potentially relevant to 
pharmacokinetics since CYP2C19 protein is involved in 
the metabolism of ADs. Another study investigated the 
role of genetic variants in predicting rapid-AD response 
to KET and scopolamine in subjects diagnosed with 
MDD or bipolar disorder [47]. This study pointed out 
that SEC11A, KRASP1, and FAM83B genes seem to be as-
sociated with the rapid-AD effect of KET. On the other 
hand, Li et al. [48] pointed out the IRAK3 and NME7 
genes as ones associated with the efficacy of esketamine 
treatment in MDD patients. Moreover, pathways relevant 
to neuronal and synaptic function, immune signaling, 
and glucocorticoid receptor/stress response showed en-
richment among the suggestive GWAS signals [48].

Comparing Chinese patients in remission and non-
remission states, high-throughput single nucleotide poly-
morphism (SNP) genotyping showed an association 
among venlafaxine (serotonin-norepinephrine reuptake 
inhibitor) effects, NR3C2 gene polymorphisms, and the 
neuroendocrine thyroid-stimulating hormone, in which 
the concentration significantly increased after venlafax-
ine treatment in the remission group [49]. The mineralo-
corticoid receptor NR3C2 has been pointed out in the 
pathophysiology of MDD, and this study showed a novel 
NR3C2 gene polymorphism involved in the MDD treat-
ment response. However, more studies are demanded to 
validate these results. Specific to SSRIs, a functional SNP 
in the serotonin receptor 7 (HTR7) gene was associated 
with response to citalopram, paroxetine, FLX, and sertra-
line in both bipolar disorder and MDD providing novel 
pharmacogenomic evidence to support the role of HTR7 
in association with AD response [50].

Single nucleotide variants were also evaluated in mod-
ulating AD response, demonstrating that the SNV bur-
den had a significant impact on the AD drug response 
group but was limited in the repetitive transcranial mag-
netic stimulation group [51]. Accordingly, 7 SNPs at 5 
loci, namely, IL1A, GNA15, PPP2CB, PLA2G4C, and 
GBA, were identified as affecting the AD response [51]. 
These results showed some promising evidence on ge-
netic variants that could be used as individualized thera-
peutic guides for MDD patients. Regarding TRD, Maffio-
letti et al. [52] reported that the alleles associated with 
lower serum vascular endothelial growth factor concen-
trations in MDD patients were associated with nonre-
sponse to ECT.

Unlike traditional treatments, a group investigated the 
effects of changes in the bacteria Firmicutes phylum, re-
lated to a protective function in the intestinal barrier, in 

the feces of MDD patients and healthy controls [53]. They 
found that the variety of alpha bacteria, especially Fir-
micutes sp, were considerably lower in MDD patients 
[53], which point out to possible alteration promoted by 
ADs in the gut microbiota.

A study conducted with a subset of patients with MDD 
who did not respond to at least 1 prior medication trial 
and were taking medication with predicted gene-drug in-
teractions was compared with patients under the treat-
ment selected as usual [54]. The authors found that, by 
analyzing the gene-drug interaction, clinical improve-
ments can be reached. Despite the study contributing to 
better AD prescribing, it did not show the gene targets.

Regarding metabolomic studies, plasma samples were 
analyzed before and after ECT in TRD patients [55]. The 
treatment with ECT was associated with a significant de-
crease in the plasma levels of tryptophan, kynurenine 
(KYN), and quinolinic acid, but no significant alterations 
were found in the levels of kynurenic acid. On the other 
hand, only the kynurenic acid was detected in overlapped 
biomarkers between MDD diagnosis and treatment re-
sponse to escitalopram; MDD patients with lower levels 
of kynurenic acid showed a better therapeutic response to 
escitalopram [56]. Together, these data confirm an imbal-
ance at the KYN pathway in MDD and overlapping bio-
markers that facilitate diagnosis and prediction of the 
treatment response may help improve disorder classifica-
tion and reduce the exposure of patients to fewer effective 
treatments in MDD.

In a large case-control treatment study of major de-
pressive episodes before and after AD treatment, results 
from the metabolomic analysis showed that depressed 
patients had a lower nitric oxide synthase (NOS) activity 
than healthy controls at baseline and lower NOS activity 
at baseline predicted a higher response rate [57]. In addi-
tion, NOS activity in depressed patients increased after 
AD monotherapy treatment.

Some omic studies have been done through the analy-
ses of databanks and published data. One of them, through 
the investigation of possible drug targets and repurposing 
opportunities outside the major histocompatibility com-
plex polygenic risk scores region, found 153 protein-cod-
ing genes which are associated with MDD, 5 potentially 
up- or downregulated in the brain and 24 of which are 
druggable [58]. Another conducted a systematic review in 
the search for genes and pathways which could be fre-
quently associated with MDD and AD response, where 
they found 2 sets of genes, associated with SSRIs AD re-
sponse and MDD [59]. They highlighted the Cushing 
syndrome, axon guidance, cAMP signaling pathway, in-
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sulin secretion, and glutamatergic synapse pathways [59]. 
To predict medication blood levels in MDD patients, a 
combinatorial pharmacogenomic algorithm through the 
analysis of Genomics Used to Improve Depression Deci-
sions databank incorporated the CYP2C19, CYP2D6, and 
CYP3A4 genes and showed these 3 genes are a superior 
predictor of citalopram and escitalopram blood levels 
when compared to individual genes commonly used [60]. 
Further, a repurposing drug study found molecules, such 
as modulators of inflammation, renin-angiotensin sys-
tem, proliferator-activated receptor agonists, glycogen 
synthase kinase 3 beta inhibitors, the rho associated ki-
nase inhibitor fasudil, and also nutraceuticals, as poten-
tial treatments [61], which in turn can be valuable for fu-
ture studies that may lead to new treatments for TRD.

Discussion and Conclusion

From the established scope reviewed here, we found 25 
studies on proteomics, 16 on genomics, 3 on transcrip-
tomics, 11 on metabolomics, and 6 on multi-omics (see 
online suppl. Table 1; for all online suppl. material, see 
www.karger.com/doi/10.1159/000518098; Fig. 1). There 
is a potential comprehension of MDD combining differ-
ent omic landscapes; however, the lack of integration of 
omics data jeopardizes the discussion and conclusion. 
Despite some successful integration of omic approaches 
on animal models of stress processes [62], no preclinical 
or clinical studies integrating all omics on the treatment 
of MDD have been reported. Nevertheless, omic studies 
reviewed here can individually contribute to providing 
pathways and molecular targets associated with new po-
tential treatments for MDD patients, which do not re-
spond to current ADs [5].

Animal studies are useful to comprehend the molecu-
lar mechanism of ADs on brain regions associated with 
the pathophysiology of depression since human samples 
present challenges to be studied. Despite that, modeling 
complex human disorders like MDD in animals is a chal-
lenge represented not only by the model per se but also 
by the way the tests are selected, conducted, and inter-
preted. Herewith, understanding pharmacologic effects 
and looking for new drugs to treat this disorder has limi-
tations that should be taken into account when animal 
studies are carried out in this field. Apart from that, the 
studies described here show that ADs can attenuate or 
reverse depressive-like behaviors, and the authors associ-
ated these effects with alterations mainly on energy me-
tabolism with the involvement of several mitochondrial 

proteins, glutamatergic transmission, and neuroplasticity 
[14–17, 25, 27, 63]. These studies reinforce the effects on 
those pathways but do not add new advances for the field. 
However, more studies using different animal models are 
encouraged, as well as other ADs classes should be inves-
tigated.

Studying complex disorders in humans is limited, de-
spite them being the bearers of the disorders, many as-
pects involving the study cannot be controlled. For one, 
the person’s background prior to the study, what they are 
exposed to during the treatment, and even if the treat-
ment was done correctly, in case it requires taking the 
medication regularly. Moreover, many sample acquisi-
tion procedures are invasive, making them limited to 
chance. Nevertheless, humans are the most complete sys-
tem to understanding the efficacy of medications, and 
this kind of study is extremely important to cross with 
molecular data and better comprehend drugs’ mecha-
nisms of action. In reference to that, while some pro-
teomic and omic studies point to the pathways and genes 
affected by ADs, others analyze differences between re-
sponder and nonresponder patients. The omic data re-
vealed biomarkers that have a key impact on ADs re-
sponse prediction [30, 32, 39–44, 52, 56, 57], which can 
be investigated in terms of new druggable targets. How-
ever, the different biomarker panels resulted from these 
studies, and no validation of those potential biomarkers 
are the main limitations for clinical application. There-
fore, integrating omic studies on MDD is demanded to 
provide a useful panel of markers that could be investi-
gated as new treatment targets.

Here, we observed that both animal and clinical stud-
ies pointed to alterations in inflammatory pathways [18, 
25, 34, 43, 45, 48, 61, 64]. Whereas, oxidative stress [18, 
21, 23, 26, 27] and energy metabolism [13–21, 23, 65] 
were reported more in animal studies. To note, a drug re-
positioning study reported several potential modulators, 
and among them, drugs acting on neuroplasticity and in-
flammation, which has been described for several animal 
and clinical studies here, are the most promising targets 
[61]. It is also interesting to note other targets pointed 
out, including the nutraceuticals.

Efforts have been made to find new molecules as a po-
tential treatment of MDD symptoms, such as studies us-
ing herbal formulations [28, 35, 63–74] or isolated active 
components [29] from traditional Chinese medicine. An-
tibiotic [34] and anti-inflammatory compounds [26, 61] 
were pointed out as well. These findings can contribute to 
understanding other potential molecular mechanisms for 
the treatment of MDD. However, these nontraditional 
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Fig. 1. Summary of main findings associated with MDD treatment reported by animal (a) and human (b) stud-
ies. MDD, major depressive disorder; circRNAs, circular RNAs; AD, antidepressant; VEGF, vascular endothe-
lial growth factor; NOS, nitric oxide synthase.
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treatments do not show clinical relevance for MDD treat-
ment. Therefore, studies are demanded to corroborate 
the molecular findings and make these data more robust 
and valuable at the systems level.

Studies have gone beyond brain and blood samples 
showing the importance of the microbiota-gut-brain axis 
for the treatment of MDD [28, 29, 34, 38, 53, 66, 67]. Fur-
thermore, pathways that have not been widely described 
to be associated with AD effects, such as KYN [55, 56], 
and lipid metabolism [45, 64, 70, 73] seem to be promis-
ing since their role on neuroplasticity, signaling transduc-
ing in the brain, and myelination.

Regarding new treatments, KET and esketamine seem 
to be the most valuable on MDD [23–25, 48]. The AD ef-
fect of KET and esketamine seems to be involved in syn-
aptic plasticity, inflammation, growth factor signaling, 
energy metabolism, calcium channels, and the balance 
between excitatory and inhibitory signals [23–25, 48] and 
with the genes IRAK3 and NME7 [48]. Moreover, the rap-
id onset of KET ADs effects was associated with SEC11A, 

KRASP1, and FAM83B genes [47]. These data should be 
deeply investigated to understand and discover rapid-act-
ing AD mechanisms.

From genomic studies, an important contribution to 
personalized treatment has been noted. The pharmacoge-
nomic tests including genes related to pharmacokinetic 
of ADs (CYP2C19, CYP2D6, and CYP3A4) until rapid-
acting effect (SEC11A, KRASP1, and FAM83B) and phar-
macodynamics (5HTR7, IRAK3, and NME7) will be valu-
able to increase the current treatment efficacy. Despite 
not being our focus, we highlighted that an important 
drug repositioning study showed potential druggable tar-
gets [58] that were also reported in studies described here, 
such as DRD2, PXDNL, CACNA2D1, and CACNA1E 
genes [31, 45, 59]. These 4 druggable targets discussed 
may aid in the development or searching of drug repur-
posing to the treatment of MDD.

In conclusion, we highlight that the omic data de-
scribed here contributed to understanding the molecular 
mechanisms of ADs and possible new molecules on MDD 
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KRASP1
FAM83B
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IRAK3
NME7
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Pyruvate
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MDD
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TCM

Alanine, 
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glutamate 
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Leucine and 
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Fig. 2. Representative pathways, biologic processes, and genes related to alterations promoted by the most ex-
plored drugs in recent years. The dashed lines represent pathways that may be in common between treatments. 
TCM, traditional Chinese medicine.

Co
lo

r v
er

sio
n 

av
ai

la
bl

e 
on

lin
e



Molecular Mechanisms in MDD 
Treatment

57Complex Psychiatry 2021;7:49–59
DOI: 10.1159/000518098

therapy (Fig. 2). However, efforts are demanded to apply 
these findings to the development of new drugs or repur-
posing strategies for others. We also noticed the lack of 
studies using cell culture models, such as techniques us-
ing induced pluripotent stem cells from MDD patients 
that can be useful not only to comprehend the neurobiol-
ogy of MDD but also molecular mechanisms of ADs. Fi-
nally, overall omics data are in the way to contribute with 
personalized therapy for MDD and other subtypes of de-
pression.
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