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Major depressive disorder is a leading cause of disability worldwide. Because conven-
tional therapies are ineffective in many patients, novel strategies are needed to over-
come treatment-resistant depression (TRD). Limiting factors of successful drug
development in the last decades were the lack of (1) knowledge of pathophysiology,
(2) translational animal models and (3) objective diagnostic biomarkers. Here, we
review novel drug targets and drug candidates currently investigated in Phase I-IlI
clinical trials. The most promising approaches are inhibition of glutamatergic
neurotransmission by NMDA and mGlus receptor antagonists, modulation of the
opioidergic system by «x receptor antagonists, and hallucinogenic tryptamine
derivates. The only registered drug for TRD is the NMDA receptor antagonist,
S-ketamine, but add-on therapies with second-generation antipsychotics, certain
nutritive, anti-inflammatory and neuroprotective agents seem to be effective.
Currently, there is an intense research focus on large-scale, high-throughput omics
and neuroimaging studies. These results might provide new insights into molecular

mechanisms and potential novel therapeutic strategies.

KEYWORDS
antidepressant, glutamate, monoamine, neuroimaging, neuroinflammation, neuroplasticity,
opioid

Abbreviations: BDNF, brain-derived neurotrophic factor; HAM-D, Hamilton Depression Rating Scale; HDAC, histone deacetylase; MDD, Major depressive disorder; SNRI, serotonin-
noradrenaline reuptake inhibitor; SSRI, selective serotonin reuptake inhibitor; TRD, Treatment-resistant depression.
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1 | TREATMENT-RESISTANT DEPRESSION
IS AN UNMET MEDICAL NEED

Major depressive disorder (MDD) is one of the most common and
debilitating public health problems with a cross-national lifetime risk
of 15%-18% (Bromet et al., 2011) and accounts for 4.4% of the dis-
ease burden worldwide (Murray et al., 2012). MDD is often recurrent;
50%-80% of patients have at least two episodes, typically with
increasing severity and frequency. The crucial STAR*D study revealed
that one third of MDD patients had not achieved remission after four
consecutive antidepressant trials and developed a chronic treatment
course (Rush et al., 2006). Whereas the symptoms of MDD can be
severe and, at its worst, depression is a life-threatening condition,
pharmacological treatment resistance to antidepressant therapy is one
of the most challenging situations in the clinical management of affec-
tive disorders. Treatment-resistant depression (TRD) was traditionally
defined as an MDD episode with failed or suboptimal response to an
adequate course of antidepressant treatment; however, there has
been a multitude of approaches yet.

According to the most recent and widely accepted definition, TRD
is characterized by an inadequate response to at least two trials of anti-
depressant treatment at adequate dose and duration in monotherapy
(Bartova et al., 2019; Brown et al., 2019; European Medicines Agency
[EMA], 2013; Reutfors et al, 2018; Rush et al., 2006; Souery
et al., 2007). Nevertheless, inconsistencies exist in the number of inef-
fective antidepressant trials and the way of choosing them (i.e., whether
medications should be taken from the same or various pharmacological
classes), across the TRD definitions (Cepeda et al., 2018; Dold &
Kasper, 2017; Kautzky et al., 2019; Malhi & Mann, 2018; Reutfors
et al.,, 2018, 2019; Souery & Pitchot, 2013). To classify the severity of
treatment resistance in MDD, various clinical ‘staging” models of TRD
have been introduced. The initial model of TRD comprised a spectrum
of treatment resistance ranging from one ineffective antidepressant to
resistance to ECT (Fava, 2003; Thase & Rush, 1995). More recent stag-
ing models include the assessment of the number and type of unsuc-
cessful antidepressant and augmentation pharmacotherapies, as well as
the lack of response to other biological therapies (e.g., ECT or trans-
cranial magnetic stimulation) (Voineskos et al., 2020). A new term, ‘diffi-
cult-to-treat depression’, has recently been proposed to destigmatize
affected patients and to avoid ‘therapeutic nihilism’ (McAllister-
Williams et al., 2020); however, for uniformity and meaningful under-
standing, we use the term TRD in our review.

Most recently, the TRD-Ill study found that symptom severity,
presence of psychotic symptomes, suicidal risk, comorbid anxiety, inpa-
tient status, the higher number of antidepressants administered previ-
ously and lifetime depressive episodes, as well as longer duration of
the current episode were the strongest clinical predictors of treatment
resistance in a large multinational sample (Kautzky et al., 2019). MDD
has a sexually dimorphic character: Females show a twofold greater
risk for MDD with a higher incidence during puberty, peripartum
periods and menopause and differ in clinical presentation and course
(Kornstein & Schneider, 2001). Despite the consistent data on sexual

dimorphism of MDD, there is little evidence of sex differences in the
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rate of TRD compared with that of MDD. However, females respond
better to serotonergic antidepressants than males, while postmeno-
pausal females show a reduced antidepressant response to serotoner-
gic agents compared with younger women (e.g., LeGates et al., 2019;
Sramek et al., 2016). The reasons for this have not been fully clarified
yet, but sex differences in pharmacokinetics and pharmacodynamics,
neuronal circuitry, the effect of female reproductive hormone levels,
pregnancy and menopause may all play a role (LeGates et al., 2019;
Sramek et al., 2016). In addition, late-life depression and depression
with early onset have been frequently proved to be treatment resis-
tant. Late-life depression is often complicated by factors that can
increase the risk of TRD, such as psychotic features and comorbid
medical conditions (Kornstein & Schneider, 2001); and it can be diffi-
cult to separate it from incipient dementia. Moreover, onset at an
early age is also associated with treatment resistance, as it is often
coupled with personality disorders, substance use and family history
of MDD (Kornstein & Schneider, 2001).

TRD has a negative impact on disease outcomes compared with
MDD with adequate treatment response. TRD patients exhibit a
higher rate of comorbid psychiatric and general medical conditions,
and self-harming behaviour not resulting in death compared with
non-TRD patients (Déme et al., 2021; Parker & Graham, 2015). Also,
TRD patients have a significantly higher rate of mortality due to
external causes, that is, suicide and accidents (Déme et al., 2021;
Reutfors et al., 2018), and after acute coronary syndrome (Carney &
Freedland, 2009; Scherrer et al., 2012).

A most recent European cohort study of patients with TRD with
moderate to severe depression found that 69.2% of TRD patients had
no treatment response within one year, and despite the low remission
rate, 60% of them remained on unchanged treatment for a longer
period (Heerlein et al., 2021). Thus, there is an urgent need to develop
effective treatment strategies and an adequate medical approach to
TRD. There are intensive ongoing efforts to find novel investigational
drugs for further development and drug repurposing, to identify effec-
tive treatment strategies (Garay et al., 2017). However, the heteroge-
neity of MDD as well as the lack of biomarkers to create more
homogenous clinical groups make it very difficult to find optimal treat-
ment approaches in TRD.

2 | CURRENTTHERAPEUTIC STRATEGIES
FOR TRD

According to the most recent guidelines, therapeutic strategies to
improve inadequate antidepressant response in TRD patients usually
start with the exclusion of pseudo-resistance; that is, they optimize
the dosage and duration of the antidepressant treatment—after
ensuring TRD patients' drug compliance. Concerning combination
therapies, combining monoamine reuptake inhibitors with presynaptic
ap-adrenoceptor antagonists can be regarded as having better efficacy
in TRD. Presently, augmentation strategies are considered the most
evidence-based options for the management of TRD. Augmentation

with second-generation antipsychotics and lithium seem to be
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treatment options with the strongest augmentative evidence in TRD.
Some evidence supports the efficacy and tolerability of thyroid hor-
mone therapy in TRD. However, the augmentative potential of anti-
convulsive drugs, nutraceuticals and glutamatergic as well as anti-
inflammatory agents is not fully established and needs further
research. For other somatic therapies, stimulation therapies, particu-
larly ECT and repetitive transcranial magnetic stimulation, have been
found to be effective in TRD (most recently reviewed by Voineskos
et al., 2020, and Goh et al., 2020).

Among the novel therapeutic agents, intravenous ketamine and
intranasal S-ketamine are most extensively investigated. Most
recently, intranasal S-ketamine was approved by the US Food and
Drug Administration (FDA) and the EMA and has been introduced as

a novel augmentation therapy with a restricted indication in TRD.

3 | S-KETAMINE IS A NOVEL ADD-ON
TREATMENT SPECIFICALLY APPROVED
FOR TRD

Ketamine is an arylcyclohexylamine derivative, an old drug used for
anaesthetic purposes for decades. The first data demonstrating the
antidepressant effect of racemic ketamine were published by Berman
et al. in 2000. Since then, several papers have described its efficacy in
depressed patients including TRD. Its pharmacokinetic properties are
well known; it has a rapid distribution mainly in the highly vascularized
tissues, high volume of distribution, short half-life time and renal elim-
ination (Igbal & Mathew, 2020). It is metabolized by the cytochrome
P450 (CYP) system in the liver, which can lead to drug interactions.
The obvious disadvantage of ketamine use is the widespread side
effect profile. Besides cardiopulmonary, urinary tract and gastrointes-
tinal symptoms, the most problematic adverse effects occur in the
nervous system: dissociative symptoms, memory deterioration, hyper-
reflexia, clonus and vestibular complaints (Li & Vlisides, 2016).
Ketamine has a rapid onset followed by sustained effects medi-
ated by a complex, multi-target mechanism of action. It is basically
considered to be a non-competitive NMDA glutamate receptor antag-
onist, preferentially at the GIUN2B subtype of NMDA receptors
(Alexander, Christopoulos, et al., 2021) located on GABAergic inter-
neurons, particularly in low, subanaesthetic doses. This results in dis-
inhibition and a consequently increased glutamate and brain-derived
neurotrophic factor (BDNF) release, as well as up-regulation of AMPA
receptors (Alexander, Christopoulos, et al., 2021). These processes
activate the mammalian target of rapamycin (nTOR) and BDNF in the
hippocampus and prefrontal cortex. Other proposed mechanisms are
the modulation of the intracellular signalling pathways: calcium/cal-
modulin-dependent protein kinase I, the eukaryotic elongation factor
2 kinase pathway and the inhibition of brain glycogen synthase
kinase-3 (GSK3). Besides inhibiting the glutamatergic system, keta-
mine has been shown to inhibit adrenergic, dopaminergic and cholin-
ergic receptors (Sleigh et al., 2014) as well as the 5-HT, serotonin
receptor, which may be involved in the mechanism of action of

psilocybin (Voineskos et al., 2020). Ketamine, similarly to other rapidly

acting antidepressants, is suggested to stimulate synaptic plasticity via
increasing BDNF production. The reactivated cortical plasticity leads
to the readjustment of neuronal networks to better adapt to the envi-
ronmental challenges. The pronounced recovery of synaptogenesis
might mediate many of the prolonged effects (Li et al., 2010;
Pryazhnikov et al., 2018), which is also supported by the fact that
long-lasting beneficial actions occur hours after ketamine is eliminated
from the body (Fagerholm et al., 2021; for review, see Czéh &
Simon, 2021). Recent data demonstrated that BDNF-dependent
methyl-CpG-binding protein 2 (MeCP2) phosphorylation seems to be
essential in synaptogenesis and consequent sustained antidepressant
actions of ketamine, similarly to scopolamine (Johnson & Liston, 2021;
Kim et al., 2021) and imipramine (Hutchinson et al., 2012). It has been
shown that ketamine treatment also results in a specific gene expres-
sion profile in the mouse brain (Bagot et al., 2017).

The routes of administration are diverse, such as intravenous (i.v.),
intramuscular, intranasal, oral, rectal and even subcutaneous and epi-
dural routes are available. Intranasal administration of the L-stereoiso-
mer of ketamine (S-ketamine) has very recently been approved for
TRD and MDD with suicidal ideations in both the United States and
Europe. A meta-analysis of eight randomized double-blinded placebo-
controlled trials including 1488 patients provided evidence that intra-
nasal S-ketamine showed rapid antidepressant effects in these condi-
tions already at 2 h and lasting for 28 days. However, the total
adverse events including dissociation, blood pressure increment, nau-
sea, vertigo, dysgeusia, dizziness and somnolence were more frequent
in the S-ketamine than in placebo group (Wang et al., 2021).

The majority of the clinical trials have been conducted with
i.v. infusions of subanaesthetic doses of the racemic mixture (specific
details are provided below). Despite not being officially registered for
TRD, this is off-label used in such patients.

4 | NOVELINVESTIGATIONAL DRUGS
AND REGIMENS UNDER CLINICAL TRIALS

Clinical trials presented here were collected from www.clinicaltrials.
gov and www.clinicaltrialsregister.eu, the official register of the US
National Institutes of Health (NIH) and EMA, respectively. All
Phase I-1ll pharmacological studies on TRD available till the end of
2020 are reviewed. The search term used was ‘treatment resistant
depression’; all Phase I-Ill studies were filtered between the period
2010 and 2020. Clinical trials were identified by their database
identification number, grouped by clinical phase in which they had
been investigated, although the classification is not an easy task
because there were several parallel studies with the same compound
(Tables 1 and 2, Figures 1 and 2).

Phase | studies are performed to determine the tolerability and
pharmacokinetic parameters of the candidates. They involve small
groups of participants, who are healthy volunteers for originally devel-
oped drugs, but trials using nontherapeutic doses of an already regis-
tered drug for repositioning purposes might also include patients with

chronic, stable diseases. Phase Il exploratory studies provide the proof
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of concept for the efficacy and safety of the drug (therapeutic dose)
in a small group of patients. Finally, Phase Ill, multi-centric, often
multi-national, studies are conducted to confirm the efficacy in large
groups of patients (https://clinicaltrials.gov/ct2/about-studies/
glossary; https://www.abpi.org.uk/media/4992/guidelines-for-phase-

i-clinical-trials-2018-edition-20180626.pdf).

41 |
system

Drug candidates acting on the glutamatergic

Undisputedly, the major group of drug candidates acts on the gluta-
matergic system. Glutamate (Glu) is the most important amino acid
excitatory neurotransmitter of the CNS and present in half of the
synapses. It plays a role in several neurological and psychiatric disor-
ders (Li et al., 2019). There is increasing evidence that impairing glu-
tamate effects is a promising target mechanism for fast-acting
antidepressant agents. Both ionotropic and metabotropic glutamate

receptors are involved in the regulation of mood. Most of the drug

candidates under development act antagonistic on NMDA receptors
(Jaso et al., 2017).

411 | Non-selective NMDA receptor antagonists
Ketamine
Several Phase I, Il and |IlIl clinical trials (NCT04101474,

2010-023414-31, 2016-001715-21, 2011-003654-40) are currently
running with i.v. racemic ketamine in order to understand its exact
mechanism of action as well as to determine the most optimal
dose, administration route and treatment regimen in patients with
TRD (and other concomitant disorders). Fourteen trials are available
altogether in the registries, from these six are ongoing and eight
completed studies. Only five completed studies have published
results, demonstrating the significant improvement of depressive
symptoms after ketamine infusions. Three of them are randomized,
controlled, double blind and two open-label (Figure 3). These data
obviously support the rationale of ketamine use in this indication.


https://clinicaltrials.gov/ct2/about-studies/glossary
https://clinicaltrials.gov/ct2/about-studies/glossary
https://www.abpi.org.uk/media/4992/guidelines-for-phase-i-clinical-trials-2018-edition-20180626.pdf
https://www.abpi.org.uk/media/4992/guidelines-for-phase-i-clinical-trials-2018-edition-20180626.pdf
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FIGURE 2 Other mechanisms leading
to antidepressant effects in TRD patients.
Anti-inflammatory and
immunomodulatory effects can be
achieved by several different mechanisms.
Activation of rapamycin complex

1 (MTORC1) by NV-5138, inhibition of
JAK by tofacitinib, COX by aspirin and
HMG-CoA-reductase by simvastatin lead
to beneficial effects. Drugs promoting
neuroprotection, neurogenesis and
neuroendocrine interactions can also
improve the patient's symptoms, although
the precise mechanism of action is

Innate immune system:
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unknown in most cases. Inducing
electrocortical quiescence by isoflurane,
influencing the membrane fluidity or
neurotransmitter formation by S-
adenosyl-L-methionine and affecting the
energy production, storage and utilization,
by creatine monohydrate, can also be
effective mechanisms. HPA axis,
hypothalamic-pituitary-adrenal axis, ATP,

adenosine triphosphate NV-5138

Tofacitinib

Electrocortical , ?
quiescence

e

Isoflurane

Significantly reduced depressive symptoms were detected in a time
frame of 1 day to 6 weeks, after 1-6 infusions of 0.3-0.5 mg-kg™!
racemic ketamine in the different studies, in which repeated admin-
istrations led to cumulative and long-lasting antidepressant effect.

Suggested mechanisms of the effect of ketamine include
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glutamine/glutamate ratio changes in the pregenual anterior cingu-
late cortex, nucleus accumbens entropy and insulin/mTOR/GSK3p
signalling (Johnson et al., 2016; Lewis et al., 2019; Li et al., 2016;
Phillips et al., 2019; Roy et al., 2020; Vande Voort et al., 2016; see
details in Tables 1 and 2).
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Summary of the published clinical studies with positive outcomes. Pie charts demonstrate compounds listed on https://

clinicaltrials.gov or https://www.clinicaltrialsregister.eu/, which were studied in randomized, controlled, blinded or open-label trials and published
with positive results in TRD patients (the number of trials is shown in brackets)

Dextromethorphan, AVP-786 and AXS-05

Dextromethorphan is a synthetic, nonopioid derivate of morphine,
which is commonly used as a centrally acting antitussive drug by
suppressing the cough reflex. On the other hand, it can bind to NMDA
receptors and act as a non-competitive antagonist.

Furthermore, the fixed combination of dextromethorphan with
quinidine is also approved for Pseudobulbar Affect (Nuedexta). Quini-
dine is an inhibitor of CYP2Dé enzyme and a beneficial combination
partner to reduce the first-pass metabolism (O-demethylation) of dex-
tromethorphan (Pope et al., 2004). A Phase Il study (NCT01882829)
evaluated the efficacy and tolerability of the drug combination dextro-
methorphan/quinidine in a 45/10-mg dosage. The combination treat-
ment significantly decreased the Montgomery-Asberg Depression
Rating Scale (MADRS) scores and was well tolerated—the most com-
mon side effect was constipation (Murrough et al., 2017).

Another Phase Il investigation (NCT02153502) analysed the
effects of AVP-786, which is a deuterated (dé)-dextromethorphan/
quinidine combination. The modulation with deuterium, an isotope of
hydrogen, can lead to further attenuation of the first-pass effect and
the quinidine dose can also be reduced (Garay et al., 2017; Wilkinson
& Sanacora, 2019). Although the study was finished in 2016, the
results have not yet been published.

AXS-05 is a newer combination of dextromethorphan with
bupropion. Bupropion has been used for decades albeit its mechanism
of action is not completely understood (inhibition of noradrenaline
and dopamine transporters, antagonism on nicotinic ACh receptor)
(Sadock et al., 2014). Antidepressant actions of the two compounds
are additive while bupropion acts also as an enzyme inhibitor on
CYP2Dé6 increasing the bioavailability of dextromethorphan (Wilkin-
son & Sanacora, 2019). Two Phase Ill studies (NCT04039022 and
NCT02741791) are running presently (Tables 1 and 2).

Memantine

Memantine is a well-known compound used in Alzheimer's disease
for the symptomatic treatment of cognitive dysfunction (Vaz & Sil-
vestre, 2020). Based on this, a special patient population—older adults
over 55—was investigated in a Phase | study (NCT01392287). The
results have not been published.

Nitrous oxide

Nitrous oxide (NO), known also as laughing gas, is a common anaes-
thetic drug with unique pharmacology. Its minimal alveolar concentra-
tion (MAC) value is 105%, meaning that hyperbaric pressure is for
anaesthesia. Solubility in blood is low, which leads to a prompt onset


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6953
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2342
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7135
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=926
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=926
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4253
https://clinicaltrials.gov
https://clinicaltrials.gov
https://www.clinicaltrialsregister.eu/
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and offset of action. The molecular mechanism of action is also very
complex: NMDA antagonism is the most important factor, but AMPA,
kainate and nicotinic ACh receptors as well as calcium and potassium
channels are involved in the effect (Nagele et al., 2018). Several clini-
cal Phase I/Il trials (NCT02994433, NCT03283670, NCT03932825
and 2019-002769-37) are currently investigating NO as a potential
antidepressant drug including treatment-resistant cases. The treat-
ment regimens are variable: Inhalation may last 1 h every day or three
times a week; the whole treatment can be 2 or 4 weeks long. Some
trials are in a very early stage, but some have been completed; how-

ever, the results are still unavailable (Table 1).

AZD6765/lanicemine

AZD6765 is a low-trapping NMDA channel blocker with pharmaco-
logical properties very similar to ketamine. Two Phase Il studies
(NCT00491686 and NCT00986479) were performed approximately
10 years ago, but despite favourable pharmacokinetics, they did not
show significant effect (Agbo et al., 2017; Sanacora et al., 2014, 2017;
Zarate, Duman, et al., 2013) (Table 1). As a continuation of this line of
development, the prodrug of lanicemine, BHV-5000, was synthesized,
which is an orally active compound of Biohaven Pharmaceuticals
(https://www.biohavenpharma.com/science-pipeline/glutamate/bhv-
5000).

Riluzole

Riluzole was the first drug developed for the treatment of
amyotrophic lateral sclerosis (ALS), approved in 1995. It is a ben-
zothiazole derivative that has diverse actions on the glutamatergic
system. Thus, it can inhibit glutamate release and promote reuptake
by different cell types and interact with NMDA receptors and various
inhibitory neurotransmitters (de Boer et al., 2019). Based on this, it
could be a promising compound for the treatment of TRD. The results
of the only ongoing Phase Il study (NCT01204918) have not yet been
published (Table 1).

REL-1017/dextromethadone

REL-1017 is the D-stereoisomer of methadone, acting as a non-
competitive receptor antagonist on the NMDA receptor. Recent pre-
clinical data demonstrated that it can influence BDNF release, stimu-
late mTORC1 signalling and enhance synaptic connectivity through
NMDA antagonism, leading to a rapid antidepressant effect in rats
(Fogaca et al, 2019). Hence, the pharmacokinetic profile of
dextromethadone and its effect as adjunctive therapy in TRD were
investigated in clinical trials (NCT03051256). Results are submitted to
ClinicalTrials.gov but have not yet been published (Table 1).

41.2 | GIuN2B subtype selective NMDA receptor
antagonists

EVT-101
EVT-101 is a potent and orally active antagonist on the NMDA
receptors, selectively binding to the GIUN2B subtype. There was

only one trial (NCT01128452) investigating its safety and efficacy,
but it was terminated in 2016 due to a clinical hold issued by the
FDA (Table 1).

M1J821

MIJ821 is a 2B subtype-selective and a potent negative allosteric mod-
ulator of the NMDA receptors. Little is known about this compound. A
ketamine-like, rapid antidepressant effect without typical ketamine side
effects is proposed by the sponsors (http://www.cadenttx.com/
pipeline/). Two Phase Il studies (NCT03756129 and 2018-003002-12)
were finished early this year investigating the efficacy and safety of
MI1J821, but the results are not yet published (Table 1).

41.3 | Partial NMDA receptor agonists
Glyx-13/rapastinel

Glyx-13 is a tetrapeptide, acting as a weak partial agonist on the gly-
cine site of NMDA receptors (Moskal et al., 2017). It is a promising
drug candidate, because not only the effect on NMDA receptors can
be identified, but several other mechanisms (AMPA, mTOR activation,
BDNF release etc.) lead to rapid-acting antidepressant actions (Kato &
Duman, 2020; Witkin et al, 2019). A Phase Il clinical trial
(NCT01234558) ended in 2012. The published data demonstrated a
U-shaped dose-response curve, where 5 and 10 mg-kg™?! of Glyx-13
induced a rapid drop in depression scores, lasting for 1 week. Further-
more, no serious adverse effect was observed (Preskorn et al., 2015).
A more potent analogue of rapastinel, apimostinel (NRX-1074), was
developed and found safe in healthy volunteers (NCT01856556 and
NCT02366364). Its effect in MDD patients has not been published
(Wilkinson & Sanacora, 2019) and has not yet been investigated in
TRD (Table 1).

p-Cycloserine

p-Cycloserine is a well-known, broad-spectrum antibiotic agent used
for treating tuberculosis. However, increasing evidence supports the
fact that it can be useful in the treatment of neuropsychiatric disor-
ders (Schade & Paulus, 2016). A Phase Il study (NCT00408031) was
finished in 2010 with a smaller population of TRD patients, but the

results have not been published since then (Table 1).

4.1.4 | Drugs acting at the AMPA receptor

There is increasing evidence that the rapid antidepressant action of
ketamine is partly mediated by AMPA receptors (Aleksandrova
et al., 2017). Therefore, drugs potentiating this pathway (AMPAkines)
including farmampator (CX-691/ORG 2448) were developed and are
tested in major depression (NCT00113022 and NCT00610649; Jaso
et al., 2017). Furthermore, the ketamine metabolite (2R,6R)-
hydroxynorketamine is also Phase |
(NCT04711005), because it can evoke antidepressant effects through
the activation of AMPA receptors (Henter et al., 2021).

involved in a study


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7681
https://www.biohavenpharma.com/science-pipeline/glutamate/bhv-5000
https://www.biohavenpharma.com/science-pipeline/glutamate/bhv-5000
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2326
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5458
http://ClinicalTrials.gov
http://www.cadenttx.com/pipeline/
http://www.cadenttx.com/pipeline/
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=9489
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The positive allosteric modulator, TAK-653, was developed as a
potential rapid-acting antidepressant (Witkin et al., 2019). Phase Il tri-
als (NCT03312894 and 2017-002232-16) were designed to test the
efficacy and safety of TAK-653 in TRD patients, but both of them
were withdrawn/terminated in 2018 (Table 1).

4.1.5 | Metabotropic glutamate receptor ligands
Approximately 10 years ago, preclinical data indicated that mGlu2/3
antagonism can be a potential antidepressant mechanism (Witkin
et al., 2019). Consequently, several metabotropic glutamate receptor
(mGlu receptor) 2/3 antagonists were tested in clinical trials by
BrainCells Inc. The original compound, BCI-838, its metabolite BCI-
632 and pro-drugs, like BCI-1038, BCI-1206 and BCI-1283, were
investigated in Phase | (NCT01548703 and
NCT01546051), but the results are not published. Similarly,
RO4995819/decoglurant was a promising compound acting on
mGilu,,5 receptors, tested in Phase Il clinical trial (2011-002160-24),
but the results remained likewise unpublished.
R0O4917523/basimglurant  ((2-chloro-4-[1-(4-fluoro-phenyl)-2,-
5-dimethyl-1H-imidazol-4-ylethynyl]-pyridine) is a potent, selective,

clinical trials

negative allosteric modulator of mGlus receptors. It has favourable
pharmacokinetic parameters (high oral bioavailability and long half-
life time), and promising preclinical data support its efficacy in
mood disorders (Lindemann et al, 2015). A Phase Il study
(NCT00809562) investigated basimglurant in TRD patients between
2009 and 2011. Although the results are not officially published,
another publication mentioned this trial, in which basimglurant was
well tolerated and showed a tendency of positive effect (Quiroz
et al., 2016) (Table 1).

4.2 | Drug candidates acting on the opioid system
The endogenous opioid system of the brain plays an important role
in mood regulation, and disturbances may lead to depressive disor-
ders. Based on this, compounds influencing the opioid cascade can
be potential drug candidates for TRD. Furthermore, data suggested
that mainly the post-synaptic p receptor and pre-synaptic
receptors (Alexander, Mathie, et al., 2021) are responsible for most
of the symptoms experienced by the patients. The p receptor
agonism alone does not cause antidepressant effects, while antago-
nizing the « receptor is likely to induce an antidepressant effect and
reduce the severity of anhedonia. Therefore, drug development has
mainly been focusing on « receptors (Browne et al., 2020; Jacobson
et al,, 2020).

421 | ETS6103

ETS6103 is a controlled-release formulated form of tramadol.

Tramadol is a synthetic p receptor agonist and seems to be effective

in the treatment of anxiety and depression recently (Rougemont-
Blicking et al., 2017). Its efficacy was also investigated compared with
amitriptyline in TRD patients (2013-000719-26), but the results are
not yet published (Table 1).

422 | Aticaprant/CERC-501/LY2456302

CERC-501 is a pyrrolidine-methylene-phenoxy-benzamide and a rela-
tive selective « opioid receptor antagonist. Its effect is short (half-life
time: 2-4 h), but it has a high selectivity for x receptor (compared with
p and & receptors). It was efficacious in several preclinical studies
(stress/depressive-like behaviour). Former human studies revealed no
serious side effects and found that the compound has a positive effect
particularly on anhedonic symptoms (Krystal et al., 2020; Pizzagalli
et al, 2020; Reed et al, 2020). Therefore, a Phase Il study
(NCT01913535) was carried out to confirm its efficacy as add-on
therapy in TRD patients. Although the study was terminated in 2016,
because of slow enrolment, the results are published in a very recent
paper (Table 1). The low sample size is an obvious limitation of the
trial, but the results are positive, but not significant (Fava et al., 2020).
Based on these, further investigations are proposed in a larger popula-
tion of TRD patients.

423 | Buprenorphine

Buprenorphine (Alexander, Mathie, et al., 2021) is a semi-synthetic
derivative of thebaine (isoquinoline derivative alkaloid of opium). It
exerts its effect as a partial p receptor agonist and « receptor antago-
nist. This effect is relatively long lasting, due to the slow dissociation
from the receptor. High plasma protein binding, relatively low oral bio-
availability and excessive metabolism in the liver are characteristics of
its pharmacokinetic profile. Phase || (NCT01071538) and Phase Ill trials
(NCT01407575) are investigating its efficacy in younger and older TRD
patients (Tables 1 and 2). Buprenorphine treatment results in increased
emotional reactivity (Lin et al., 2019), and an impressive drop in depres-
sion score was detected. After refinement of the study design and after
recruitment of more patients, buprenorphine may prove to be a prom-
ising drug candidate in TRD treatment (Karp et al., 2014).

4.3 | Drug candidates acting on the serotonergic/
monoaminergic system

43.1 | PF-04995274

PF-04995274  (4-[[4-[[4-[(3R)-oxolan-3-yl]loxy-1,2-benzoxazol-3-yl]
oxymethyl]piperidin-1-ylJmethyl]oxan-4-ol) is a partial agonist of the
serotonin 5-HT,4 receptor. PF-04995274 was effective in an animal
model of stress (Chen et al., 2020). In healthy people, PF-04995274

was well tolerated, but a high impact on plasma aldosterone is an

issue of concern. The compound has a long half-life time (31-42 h)


https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=40
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=9309
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=318
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=319
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=8286
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=317
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1670
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and shows no accumulation and food does not influence its plasma
level (Nicholas et al, 2011). A presently ongoing Phase 1/2
(NCT03515733) study investigates the therapeutic effect on emo-
tional processing in TRD (Table 1).

432 | GHO01

GHO001 contains 5-methoxy-N,N-dimethyl-tryptamine (5-MeO-DMT),
which can be applied by inhalation to the patients. Phase 1/2 study is
initiated in the Netherlands (2018-004208-20), after investigating
healthy volunteers (completed in 2020, NCT04640831), but the
results are not yet published (Table 1).

43.3 | Psychedelics

Classical psychedelics, such as psilocybin, ayahuasca, mescaline and
the semisynthetic lysergic acid diethylamine (LSD), act at 5-HT,a
receptors. Psychedelic-assisted therapies may be promising alterna-
tives for MDD patients who do not benefit sufficiently when managed
by conventional methods. Nevertheless, randomized controlled clini-
cal trials in patients with TRD have been published only on psilocybin
and ayahuasca so far (Table 1).

Psilocybin is a naturally occurring alkaloid (tryptamine) known for
its psychedelic properties. It inhibits the serotonin transporter and is
a partial agonist for 5-HT,a, 5-HT,c, 5-HT14 and 5-HT,p receptors.
Despite its well-known dose-dependent adverse effects (sensory illu-
sions, hallucinations, nausea, vomiting and headache), psilocybin has
been proven to be effective in mood disorders (Reiff et al., 2020). Psi-
locybin was found to be effective in reducing depressive and anxiety
symptoms, and therefore, it is considered to be a promising and safe
agent, even relevant for first-line treatment (2013-003196-35,
Carhart-Harris et al., 2016, 2018; Vargas et al., 2020), where a psy-
chological support therapy comprising three parts (preparation, acute
and periacute support, and integration session) was used together
with the drug administration. Its short- and long-term safety and effi-
cacy in TRD will be tested in further Phase Il studies (NCT03775200,
NCT04433858, 2020-001348-25, 2019-003984-24, 2018-002577-
22 and 2017-003288-36).

Ayahuasca, also known as ‘the liana of the soul’, is a ritual psy-
chedelic that is traditionally administered as a plant decoction. It was
originally used in South America for centuries, but in the last
25 years has been used all over the world. The active biological com-
ponents are N,N-dimethyltryptamine (DMT), acting mainly as a non-
selective serotonin (5-HT) receptor agonist, and f-carboline alkaloids,
which are strong and short-acting MAO type A (MAOI-A) inhibitors.
Ayahuasca has been reported to have anti-anxiety and antidepres-
sant effects, and its effectiveness in TRD seems to be promising,
even comparable with ketamine. Some human studies report a rapid
antidepressant effect even after a single exposure, lasting for 21 days
(Osério et al., 2015). In 2018, a randomized, double-blind trial involv-
ing 29 TRD patients showed a rapid antidepressant effect persisting

up to 7days after a single administration (Palhano-Fontes
et al., 2019). In another study of 17 TRD patients, increased SPECT
blood flow was detected 8 h after a single administration in brain
areas related to mood regulation, accompanied by significantly
reduced depression severity for 21 days after administration
(Sanches et al., 2016). In a randomized trial of TRD patients with
increased salivary cortisol levels, a single ayahuasca administration
(containing on average 0.36 + 0.01 mg-ml~! of N,N-dimethyltrypta-
mine, 1.86+0.11 mg-mI*1 of harmine, 0.24 + 0.03 mg-mI*1 of
harmaline and 1.20 = 0.05 mg:-ml~! of tetrahydroharmine) signifi-
cantly improved the clinical symptoms and reduced the salivary corti-
sol (NCT02914769, de Almeida et al., 2019; Galvao et al., 2018;
Zeifman et al., 2019). Although the clinical results are promising,
there are risks of interaction and adverse effects, which are impor-
tant due to the high variability of the herbal mixture compositions
(Barabasz-Gembczyk & Kucia, 2020).

434 | BMS-820836

BMS-820836 is a safe, long-acting novel triple monoamine reuptake
inhibitor (SNDRI). It shows very high occupancy on the serotonin
transporter, but it also inhibits the dopamine and noradrenaline
transporters. The results of some Phase Il studies (NCT01361555,
NCT01309945, NCT01369095, 2010-024371-12, 2010-022841-93
and 2011-000778-71) show that its side effect profile is promising,
but it does not prove superior to the resumption of an existing antide-
pressant (Bhagwagar et al., 2015) (Table 1).

43,5 | MAO inhibitors

CX157/TriRima belongs to a group of reversible inhibitors of MAO-A
(RIMAs). After a successful Phase | study, a Phase Il trial
(NCT01246908) was conducted between 2010 and 2012, but the
results have not been published.

Tranylcypromine is an irreversible, non-selective MAO inhibitor.
Recently, it was proved to be effective in combination with amitripty-
line in ECT-resistant depression (Ferreira-Garcia et al.,, 2018). One
Phase Il study (2012-001209-26) is ongoing to investigate the effi-
cacy of the drug in TRD (Table 1).

44 |
system

Drug candidates acting on the cholinergic

The cholinergic system can also regulate mood. High central levels of
ACh can lead to depression (Dulawa & Janowsky, 2019). Scopolamine
was intensively investigated in different forms of depression
(2017-003112-39, NCT03386448, NCT04211961, NCT03874130
and NCT03131050), but only one trial was designed to investigate its
effects in TRD patients (NCT01613820), which was withdrawn due to
the lack of funding.
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441 | Botulinum toxin A

Facial expressions influence emotional experience and local botulinum
toxin A (BTA) treatment of muscles involved in facial expression of
sadness, anger or anxiety induced quick, strong and sustained
improvement of depressive symptoms. The first results demonstrating
potent antidepressant action of BTA 2 months after its injection into
the glabellar frown lines of 10 TRD patients were obtained by Finzi
and Wasserman (2006). Later, a series of studies including three ran-
domized controlled trials showed beneficial antidepressant effect as a
sole or adjunctive therapy predominantly in female TRD patients.
More evidence in this field might result in a widespread application of
BTA in depression therapy, based on the assumption that superficial
paralysis of facial muscles probably via proprioceptive feedback mech-
anisms could have profound effects on the emotional brain (Kruger &
Wollmer, 2015). Recently, in a real-world setting, with TRD patients,
BTA injections significantly reduced depression scores both in males
(h=23) and in females (n = 19), and therefore, BTA has been
suggested to be effective for TRD treatment and promoted for further
longer lasting clinical trials (Chugh et al., 2018). Elderly TRD patients
are currently planned to be involved in a crossover, placebo-
controlled study with BTA, which is considered as a very safe treat-
ment without lasting side effects (NCT03833063; Table 1).

442 | TC-5214/S-mecamylamine
TC-5214/5-mecamylamine is a non-selective, non-competitive antag-
onist of the nicotinic ACh receptors (nAChRs). There are several pre-
clinical data about the beneficial effects of mecamylamine, but the
clinical relevance has not been realized; the only Phase Il study in
TRD was terminated 9 years ago (2010-023816-15) (Table 1). Proba-
bly the high coincidence with smoking in patients with psychiatric dis-
eases (depression and attention deficit hyperactivity disorder
[ADHD]) strongly influences the evoked effect (Nickell et al., 2013).

4.5 | Other tools and targets

451 | Allogenic mesenchymal stem cells

Multipotent mesenchymal stem cells (MSCs) are considered to be
promising novel candidates for cell transplantation therapy in various
CNS disorders. MSCs are known to secrete soluble factors that stimu-
late the surrounding micro-environment. Although MSC transplanta-
tion has the potential to elicit antidepressant effect, only a few
studies have been conducted to investigate the underlying mecha-
nisms. Intra-hippocampal transplantation of MSCs in rats enhanced
neurogenesis despite a short-term graft survival; however, MSC trans-
plantation did not exert an antidepressant-like behavioural effect in
this animal model (Coquery et al., 2012). Wistar-Kyoto rats exhibiting
TRD-like behaviours were used to compare the effect of encapsulated

MSCs with conventional antidepressant treatment (Kin et al., 2020).

Encapsulated MSCs attenuated spontaneous locomotor and anxiety
behaviour accompanied by activation of associated vascular endothe-
lial growth factor (VEGF), BDNF, fibroblast growth factor (FGF)-2 and
ciliary neurotrophic factor (CNTF) pathways suggesting MSC therapy
to be a novel tool for treating depression (Kin et al., 2020). A random-
ized, double-blind, placebo-controlled study was started to evaluate
the safety and potential efficacy of the treatment, but it was termi-
nated due to difficulties in recruitment and funding (NCT02675556).

452 | Tyrosine kinase (TK) inhibitors

The JAK/STAT signalling pathway is a pleiotropic cascade leading to
cytokine and growth factor release. The JAK/STAT pathway is
involved in the regulation of several cellular mechanisms, such as neu-
rogenesis, synaptic plasticity, gliogenesis and microglial activation,
which all have been implicated in depression. JAK/STAT inhibitors
restored stress-induced reduction in adult neurogenesis, as well as an
(Gulbins
et al., 2016). Furthermore, the mechanism of actions of some current
antidepressants has been shown to be mediated by JAK/STAT-
dependent mechanisms. Although JAK inhibitors have been approved

associated  anxious-depressive  behaviour in  mice

primarily for inflammatory and autoimmune conditions such as rheu-
matoid arthritis (RA), observational data obtained from these patients
suggest that they significantly improve mood. Because JAK is mainly
coupled to IL-6 signalling, it is not surprising that biologicals against
the interleukin (IL)-6-related pathway (e.g., tocilizumab) also have a
favourable impact on depressive symptoms of RA patients (Tiosano
et al.,, 2020). It is difficult to clearly differentiate between the potential
direct antidepressive effect of JAK inhibitors from their secondary
beneficial actions as a consequence of their anti-inflammatory and
analgesic effects in arthritis patients. Because not all studies showing
the antidepressant effect of these drugs were performed in arthritic
patients, but also in patients without inflammatory diseases, it is very
likely that the advantageous effect on depression does not result only
from pain control but also from the decrease of central neuro-
inflammatory mechanisms. Furthermore, results of some omics ana-
lyses of depressed patients also support the involvement of the
JAK/STAT pathways in the pathophysiological mechanisms of the dis-
ease. Therefore, JAK/STAT inhibitors have been proposed as novel
therapeutic options (Sharig et al, 2018); a Phase /Il study
(NCT04141904) has already been started to evaluate its efficacy in
TRD patients.

Masitinib, a TK c-Kit inhibitor, was also tested in TRD
(2010-022744-21), but the study was terminated in 2018 (Table 1).

453 | Statins

The 3-hydroxy-3-methylglutaryl co-enzyme A (HMG-CoA) reductase
inhibitors, denoted statins, are lipid-lowering drugs that have been
shown to reduce depression-like behaviours in animals. The lipophilic

simvastatin was recently demonstrated to dose-dependently (20-
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40 mg-kg™1) reduce the immobility time in FST in stress-naive mice,
possibly by stimulating opioidergic pathways without inducing toler-
ance or withdrawal signs (Dolatshahi et al., 2020). NO-cGMP-KATP
channels and the PPARy receptor might also be involved in the
simvastatin-induced antidepressant effect, which also potentiated the
action of fluoxetine (Naserzadeh et al., 2019).

The first clinical trial investigating the use of simvastatin as an
augmentation strategy in TRD patients is currently going on as a ran-
domized, double-blind, placebo-controlled study with two parallel
arms involving 75 patients as add-on therapy (NCT03435744;
Table 2). If the results indicate that adjuvant simvastatin is effective
for depressive symptoms, it will deliver immediate clinical benefit
(Husain et al., 2019).

454 | Leucine and the NV-5138 analogue

Preclinical studies demonstrate that rapid-acting antidepressants,
including ketamine, require rapamycin complex 1 (nTORC1) signalling
stimulation (Hasegawa et al., 2019; Kato et al., 2019). This pathway is
regulated by neuronal activity, endocrine and metabolic signals, nota-
bly the amino acid leucine, which activates mTORC1 signalling via
binding to the upstream regulator sestrin. The synthetic leucine ana-
logue NV-5138 is a novel highly selective modulator of sestrin that
penetrates the brain. NV-5138 has a rapid and sustained antidepres-
sant action in rat and mouse models via mTORC1 signalling activation,
up-regulation of BDNF and the induction of rapid synaptic responses
in the medial prefrontal cortex. These findings suggest that direct acti-
vation of mMTORC1 signalling might be effective for depression ther-
apy (Hasegawa et al., 2019; Kato et al., 2019), but Phase I/l study
(NCT03606395) results have not yet confirmed the beneficial effect

in humans (Table 1).

455 | Tibolone and oxytocin

Specific guidelines for the treatment of perimenopausal depression
were released in 2018 (Maki et al., 2019). These guidelines recom-
mend selective serotonin (SSRIs) and serotonin-noradrenaline reup-
take inhibitors (SNRIs) as front-line medications, but they are
commonly ineffective. The efficacy of oestrogen in such conditions is
well documented, but oestrogen is not approved to treat mood distur-
bances in perimenopausal women due to potentially severe side
effects (Garay et al., 2019). However, novel oestrogenic compounds
with improved benefit/risk ratios, which directly target hormonal fluc-
tuations, such as tibolone, have potential in perimenopausal depres-
sion. Tibolone is metabolized to oestrogen-like, gestagen-like and
androgen-like products and therefore balances the hormonal status.
In a randomized, double-blind placebo-controlled add-on study involv-
ing 44 women, 12-week long adjunctive tibolone (2.5 mg oral-day™?)
was demonstrated to exert a significant improvement in depression
scores, as compared with the placebo group without any significant
side effects (Kulkarni et al., 2018).
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Oxytocin plays a role in depressive disorders by interacting with
various neuroendocrine and neuroinflammatory processes mediated
via stressor-provoked psychosocial responses (McQuaid et al., 2014).
Local injection of oxytocin into the rat paraventricular nucleus
reversed depressive-like behaviours and high plasma corticosterone
levels, as well as increased tropomyosin receptor kinase B (TrkB)
expression, suggesting that the antidepressant effect of oxytocin is
mediated by hypothalamic-pituitary-adrenal (HPA) axis modulation
via TrkB (Wang et al., 2018). Currently, only one Phase | study is
ongoing with oxytocin and tibolone in TRD (NCT01239888).

456 | Creatine

There is growing evidence from human neuroimaging, genetic, epide-
miological and animal studies that disruptions in brain energy produc-
tion, storage and utilization are implicated in the development and
maintenance of depression. Creatine, a widely available nutritional
supplement, has the potential to improve these disruptions in some
patients, and early clinical trials indicate that it is a potential adjuvant
antidepressant agent (Kious et al., 2019). There is evidence for its
effectiveness in the secondary prevention of TRD in women. Creatine
supplementation was proven to be effective in neuropsychological
performance in vegetarians or vegans and heavy-duty labourers, peo-
ple who undergo intensive mental effort or in the elderly (Balestrino &
Adriano, 2019). There are only mild side effects: nausea, diarrhoea,
muscle cramps, hypomania/mania, peripheral oedema and increase of
serum creatinine level induced by creatine (Hellem et al., 2015; Kious
et al., 2019). A randomized, quadruple-blind, parallel assignment,
placebo-controlled clinical study was carried out in 32 female patients
between 2012 and 2016, but the results have not been published yet
(NCT01601210).

457 | General anaesthetics: Propofol, isoflurane
and ethosuximide

There are converging preclinical and clinical data that the general
anaesthetics, isoflurane (NCT04171193), propofol (NCT03923361
and NCT03684447) and ethosuximide (NCT03887624), acting mainly
by activating the GABAergic system (Table 1), exert relatively rapid,
robust and durable antidepressant effects and lack serious adverse
effects (Tadler & Mickey, 2018).

458 | Anticonvulsants and voltage-gated ion
channel blockers

Previous results of randomized controlled clinical trials investigating
the effect of antiepileptic drugs in MDD were inconclusive for
lamotrigine and carbamazepine; although, overall, lamotrigine may
have a beneficial, but modest effect, negative results were found in

TRD patients (NCT00652171). JNJ26489112 with complex
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mechanism of action (voltage-gated Na* channel and N-type Ca®*
channel inhibitor, K™ channel opener) was investigated in a Phase Il
study (NCT01114698) but was terminated due to sponsor portfolio
decision (Table 1).

459 | -DOPA

Late-life depression often presents with motivational deficits, and
cognitive deficits including executive dysfunctions, slow information
processing and mobility impairments. This triad of findings implicates
dopaminergic dysfunction as a core pathophysiologic feature in
depression and may contribute to cognitive decline and motor disabil-
ity. Normal aging results in brain-wide dopamine declines, decreased
D4/D, dopamine receptor density and loss of dopamine transporters.
Although brain changes associated with depression and aging con-
verge on dopamine circuits, the specific disturbances in depression
and how responsive the system is to modulation remain unclear
(Taylor, 2014). The integrative model in which aging, in concert with
proinflammatory shifts, decreases dopamine signalling, as well as the
effect of L-DOPA + carbidopa in elderly depression are currently
tested in a randomized, double-blind placebo-controlled clinical trial
(NCT04469959; Table 1).

4.6 | Augmentation and combination therapy

Besides switching to a different antidepressant, combining antidepres-
sants or augmenting an antidepressant with another non-
antidepressant drug (add-on therapy) are the most important
approaches in TRD.

A large spectrum of various agents has been tried as an augmen-
tation strategy. These include second-generation antipsychotics, lith-
ium, dopamine agonists, celecoxib, modafinil, benzodiazepines, L-
methylfolate, lamotrigine, pindolol, riluzole, ®-3 fatty acids,
topiramate, amphetamines, S-adenosyl-L-methionine, herbal supple-
ments, thyroid hormone and sex steroids that have been used in
patients with TRD with various outcomes (lonescu et al, 2015;
Shelton et al., 2010; Tundo et al., 2015). Minocycline, a well-known
member of the second-generation tetracycline antibiotics, is also a
potentially beneficial agent for augmentation treatment (Pae
et al, 2008), although the results of the Phase I/Il studies
(NCT02456948 and 2015-001456-29) are not yet published (Tables 1
and 2).

Augmentation of conventional SSRIs or SNRIs with atypical anti-
psychotics, such as quetiapine, risperidone, aripiprazole or
brexpiprazole, is effective and more beneficial than switching to
another antidepressant monotherapy, especially when comorbid anxi-
ety or sleeping disorders are present. The combination of olanzapine
and fluoxetine was one of the first pharmacotherapies approved for
TRD, but its use is limited by the common metabolic side effects.
Other effective strategies include augmentation with lithium,

liothyronine (a synthetic T3), lamotrigine or a combination of

antidepressants including bupropion, tricyclic antidepressants or
mirtazapine. The efficacy of ziprasidone or levothyroxine is well
established. A shared decision-making approach is recommended to
guide treatment selection to address each patient's individual needs
(Cantu et al., 2020; Ruberto et al., 2020).

Based on the findings of the published trials, the most widely
studied drugs with significant antidepressant activity in TRD are the
inhibitors of the glutamatergic system (racemic ketamine, dextrome-
thorphan, AZD6765 and GLYX-13). Although the NMDA receptor
was pointed out as the main target for novel drug development
according to the clinical effectiveness of (S)-ketamine, some of the
selective antagonists were not effective in human studies. Because
(S)-ketamine has divergent mechanisms of action besides being an
NMDA receptor antagonist, expectation regarding the potential thera-
peutic value of other selective NMDA receptor antagonists should be
cautious. Further compelling therapeutics are buprenorphine, psilocy-
bin and ayahuasca as well as the add-on therapy of olanzapine, bas-
imglurant or minocycline (Figure 3).

5 | NEW TREATMENT STRATEGIES WITH
NOVEL MECHANISMS OF ACTION

The purpose of this section is to briefly highlight a few pathophysio-
logical theories that have been implicated in TRD and came into focus
in recent drug development.

Since the unexpected discovery that ketamine infusion can rap-
idly improve core symptoms of depression (Berman et al., 2000), there
has been intense research focusing on the glutamatergic system as a
potential target for similar rapid-acting compounds (Zarate, Mathews,
et al., 2013). Clinical studies reported altered glutamate levels in the
brains of depressed patients using in vivo proton magnetic resonance
spectroscopy (Moriguchi et al., 2019), and post-mortem studies found
expressional changes of NMDA receptors (Duman et al., 2019;
Feyissa et al., 2009). Altered functioning of astrocytes, as the third
element of the tripartite synapse, is likely to contribute to disturbed
glutamatergic signalling (Choudary et al., 2005). Based on these find-
ings, numerous compounds have been developed to act on the gluta-
matergic system as candidates for TRD treatment. Therefore, at this
moment, targeting the glutamatergic system appears to be the most
promising approach to develop novel treatments for TRD.

Neuroinflammatory processes, the circulating cytokines and
chemokines, as well as the altered functioning of microglial cells have
also been implicated in the pathophysiology of MDD and TRD
(Bhattacharya & Drevets, 2017). Chronic stress and the consequent
release of proinflammatory cytokines contribute to the development
of neuroinflammation, which is likely to play a significant role in
depressive symptomatology (Yuan et al, 2019). A recent study
reported that TRD patients had higher levels of numerous inflamma-
tory proteins compared with controls and that the elevated levels of
IL-6, IL-8, TNF, C-reactive protein and macrophage inflammatory
protein-1 were associated with poorer treatment outcomes

(Strawbridge et al., 2019). Another study found elevated C-reactive
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protein in patients with TRD (Chamberlain et al., 2019). So far, only a
few studies investigated the antidepressant effectiveness of anti-
inflammatory compounds. A double-blind, placebo-controlled, ran-
domized clinical trial tested the TNF antagonist infliximab to treat
TRD (Raison et al., 2013). This proof-of-concept study could not find
a clear beneficial effect on the change of Hamilton Depression Rating
Scale (HAM-D) scores but reported that infliximab treatment could
improve depressive symptoms in a subset of patients with high base-
line inflammatory biomarkers (Raison et al., 2013). More recently, the
efficacy of antidepressant augmentation with minocycline was tested
in TRD patients with a 4-week, placebo-controlled, randomized clini-
cal trial, but changes in HAM-D scores and the proportion of partial
responders did not differ between the study arms (Nettis et al., 2021).
However, the same study reported that patients with elevated levels
of serum C-reactive protein showed the largest changes in HAM-D
scores and that responders had higher baseline IL-6 concentrations
than non-responders (Nettis et al., 2021). Finally, there is a recent
report on an ongoing double blind, placebo-controlled, randomized
trial of minocycline as adjunctive treatment for TRD (Husain
et al., 2020).

Most recently, the gut microbiota and the gut-brain axis came
into focus as a major contributing factor for the development of MDD
(Sanada et al., 2020; Valles-Colomer et al., 2019), and it has been
implicated also in TRD (Fontana et al., 2020). The initial finding was
that faecal microbiota transplantation from depressed patients to
microbiota-depleted rats can induce depressive-like behaviour in the
recipient animals (Kelly et al., 2016). Rapidly accumulating evidence
documents that psychobiotic therapy, that is, nurturing gut micro-
biome with prebiotic treatment, can have an antidepressant-like effect
(Wallace & Milev, 2017), but to the best of our knowledge, probiotic
therapy has not yet been tested in TRD patients.

6 | NOVEL APPROACHES AND CONCEPTS
FOR ANTIDEPRESSANT DRUG
DEVELOPMENT

Despite significant efforts, there has not been a real breakthrough in
the therapy of MDD during the past decades. The possible reasons
for this are the inappropriate, hypothesis-driven concepts and
approaches to identify novel drug targets, as well as the lack of trans-
lationally relevant, predictive preclinical models and investigational
techniques as experimental tools. Moreover, the heterogeneity of the
symptoms and the broad range of comorbidities have not been ade-
quately addressed during drug development. Recently, due to a para-
digm shift in drug target identification, new strategies have been
employed to understand the underlying neurobiological mechanisms.
Such approaches include multi-omics (transcriptomics, metabolomics
and proteomics), complex neuroimaging techniques as well as bioin-
formatic network pathway analysis. Genetic and epigenetic factors, as
well as neuroinflammatory and metabolic pathophysiological mecha-
nisms, are thoroughly investigated by these methods (Maes
etal, 2016).
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Genetic and genomic factors influence treatment responsiveness
in MDD; however, the underlying genes and specific gene networks
are still unknown. Similarly, little is known about the interaction of
genetic and environmental factors. However, some single nucleotide
polymorphisms are associated with the responsiveness to certain anti-
depressants; for example, effectiveness of bupropion was implicated
in pathways associated with circadian rhythm and growth factor-
associated neuroplasticity (Li et al, 2016). In an extended meta-
analysis that pooled data from five GWASs (Genome-Wide Associa-
tion Study), Li et al. (2020) analysed the largest cohort ever on antide-
pressant efficacy in MDD and identified loci associated with
treatment response to SSRI, SNRI as well as with TRD. Particularly,
genes and genetic sites associated with the immune regulation, such
as the LTB (lymphotoxin ) gene on chromosome 6, an inducer of the
inflammatory response, which underlines the role of the inflammatory
response system in TRD. The dysregulation of this in the antidepres-
sant response seems to be relevant. Moreover, in the antidepressant
response to SSRI, the role of complement component (3b/4b) recep-
tor 1-like (CR1L) polymorphism was found to be significant.
Gammie (2021) examined gene expression portraits using large-scale
neural gene expression depression datasets to identify potential treat-
ments for depression. For known antidepressants, top-scoring agents
were fluoxetine, desipramine, imipramine, venlafaxine and ketamine.
When examining potential novel antidepressants, exercise has been
proved as highest ranking, beside other nontraditional treatments
such as curcumin, elevated temperature, p-serine, albiflorin, creatine,
alfa- and y-tocopherol with vitamin E and nicotinamide ribonide.
Although the Gammie (2021) study was not restricted to TRD, these
results can be considered when searching for novel treatment targets
for TRD as well. Some of them (e.g., curcumin and creatine) were
tested in studies reviewed by us here.

Transcriptomic studies using functional pathway analyses in
post-mortem brain samples of patients with MDD also revealed dis-
ruptions of neuronal and glial plasticity, growth factors and circadian
rhythm (Bunney et al., 2015; Duman & Duman, 2015), as well as reg-
ulatory changes of microRNAs (Dwivedi, 2014) and epigenetic signa-
tures (Sun et al, 2013). Gene expression regulation by post-
translational histone transcription factors and chromatin regulatory
protein modifications, cytosine base methylation of the DNA, transla-
tional regulation of RNAs by microRNAs, splicing and editing all play
important roles in the emergence, progression of and therapy respon-
siveness of MDD patients (Bagot et al., 2014). Examining these
mechanisms is particularly useful to explore the complexity of the
pathophysiology and therapy responsiveness in MDD. However, a
broad range of confounding factors can limit the post-mortem sample
analysis, such as age, comorbidities, multiple drugs including psycho-
active medications as well as technical factors (post-mortem interval,
processing and evaluation methods). Regarding that MDD is a partic-
ularly heterogeneous nosological entity, much larger samples are
required to uncover the relevant genetic factors (Tubbs et al., 2020).
Results from multiple brain regions from a large number of patients
are needed to be compared with those of healthy controls to draw

convincing conclusions.
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Neuroimaging techniques appear to be promising methods to
detect structural and functional brain alterations in TRD. Neuroimag-
ing can examine factors underlying the heterogeneity of treatment
responsiveness, and the trajectory and outcome of MDD. Treatment
responsiveness has an immediate impact on the clinical and functional
outcome; it could be directly related to genetic risk load and
manifested as a specific pattern of functional and structural brain
abnormalities. Therefore, brain imaging can identify neuronal corre-
lates that serve as predictive biomarkers of treatment resistance. Neu-
roimaging in combination with genetic studies could determine
predictors of clinical outcome and therapeutic responsiveness (Fu
et al., 2019). Furthermore, evaluating the occupancy of serotonin and
norepinephrine transporters by specific PET radioligands assesses the
in vivo target engagement and can predict the therapeutic effectivity
of the antidepressant medication. Also, dopamine regulates functions
that are often impaired in MDD and lead to hedonic deficits. Mes-
olimbic dopamine receptor sensitivity can predict the antidepressant
response (Gershon et al., 2007). PET studies using dopamine D3
receptor-specific radiotracers can further characterize the D5, recep-
tor binding in TRD and may yield informative results in the future.
Nevertheless, to evaluate novel drug targets, specific PET radioligands
need to be developed parallel with drug development (Arakawa
et al,, 2020).

Large-scale neuroimaging consortia such as the ENIGMA project
examined GWAS variation concerning brain structure of MDD
patients and healthy subjects (Thompson et al., 2013). Such an
approach may help to unravel associations of specific genetic vari-
ants with MRI-based brain structural and functional alterations. Inte-
grating data of pharmaco-neuroimaging and imaging genetics is
critical for reverse translation, that is, to determine to which extent
animal models can mimic the pathophysiology of MDD and test
their relation to specific clinical features including treatment
responsiveness.

As more recent findings suggest, epigenetic regulation of gene
expression plays a key role in disease development and therapeutic
responsiveness of depressed patients (Akil et al.,, 2018). Epigenetic
regulatory mechanisms include a broad range of molecular machiner-
ies, such as post-translational histone modifications, methylation of
cytosine bases on DNA, modulation of transcription factors and
numerous chromatin-regulatory proteins, and translational regulation
of RNAs by microRNAs and RNA splicing; psychosocial stressors dur-
ing development could reprogram the epigenome; and in consequence
influence several functions during the whole lifespan by being incor-
porated in the germ cells. From the pathophysiological point of view,
aberrant epigenomic modulation of the glucocorticoid receptor gene,
as a result of early life stress, seems to link adverse childhood experi-
ences with adult psychopathologies like MDD (Holmes et al., 2019;
Juruena et al., 2021). Epigenetic mechanisms underlie the reduced
expression of BDNF in an animal model of chronic stress, and
hypermethylation of the BDNF promoter IV was observed in the
Wernicke's area of suicide victims (Caraci et al., 2018). While epige-
netic changes that are observed in peripheral blood samples are often

in harmony with the alterations found in the brain (Han et al., 2018),

the question still remains as to how well the findings from peripheral
blood samples mirror the neurobiological underpinnings of MDD.

From the therapeutic point of view, targeting epigenetic mecha-
nisms may yield a completely novel class of antidepressants. For
example, it is well documented that chromatin remodelling mediated
by histone deacetylase (HDAC) influences gene transcription. Further-
more, the experimental data documenting that HDAC inhibitors have
antidepressant-like efficacy in rodent-models of depression led to the
concept that HDAC inhibitors might be useful in TRD patients
(Fuchikami et al.,, 2016). Recently, the FDA approved two HDAC
inhibitors, vorinostat and romidepsin, for clinical use to treat malig-
nancies, but to date, no clinical trials have been conducted to evaluate
HDAC inhibitors for the treatment of depression (Fuchikami
et al., 2016). Interestingly, an augmentation treatment with the anti-
epileptic valproic acid—which is also considered to be an HDAC
inhibitor—yielded substantial clinical improvement and maintenance in
a small cohort of severe TRD patients (Ghabrash et al., 2016). Another
potentially beneficial approach is the use of various dietary DNA
methylation modifying agents such folic acid, S-adenosylmethionin or
L-acetylcarnitine (Hoepner et al., 2021; Nasca et al., 2018). Similarly,
therapeutic application of probiotics to reduce depressive symptoms
is another promising tactic because metabolic activity of gut micro-
biota seems to regulate epigenetic mechanisms of host tissues
(Bambling et al., 2017; Kazemi et al, 2019; Miro-Blanch &
Yanes, 2019). Overall, targeting epigenetic regulation may represent a
fruitful approach to develop novel drugs with potentially higher and
persistent efficacy (Akil et al., 2018; Caraci et al., 2018).

7 | TRANSLATIONAL ANIMAL MODELS
FORTESTING NOVEL ANTIDEPRESSANT
CANDIDATES IN TRD

Animal models play a vital role in drug development, but to model
complex mental disorders in animals is an extremely challenging task
(Bale et al., 2019; Berton et al., 2012). Decades of research have been
invested in developing various types of clinically relevant models for
MDD (Czéh et al, 2016; Nestler & Hyman, 2010; O'Leary &
Cryan, 2013; Pryce & Fuchs, 2016; Willner, 1997). Typically, these
models are based either on genetic or pharmacological manipulations
or on the application of social or environmental stressors. Until now,
most studies focused on animals that were susceptible to the applied
stressors and responded well to the antidepressant medication. It is
known, however, that in the existing models, only a fraction of animals
responds to the applied antidepressant therapy (for an overview, see
Caldarone et al., 2015). In a rat model of chronic mild stress
(Willner, 2016), approximately 50% of the animals normalize their dis-
turbed behaviour in response to escitalopram or sertraline treatment
(Christensen et al., 2011; Jayatissa et al., 2006). Comparable data have
been shown in rats treated with fluoxetine or desipramine in a chronic
social defeat stress model (Der-Avakian et al., 2014). Another interest-
ing finding is that chronic pretreatment with adrenocorticotropic hor-

mone (ACTH) can block the antidepressant-like effect of imipramine
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and desimipramine in the forced swim test (Kitamura et al., 2002;
Walker et al., 2013).

So far, only a few research groups have made extra efforts to
develop specific animal models for TRD. For example, the Wistar-
Kyoto rat model has been shown to be less responsive to chronic anti-
depressant treatment with imipramine (Lahmame et al., 1997; Willner
& Belzung, 2015). More recently, Willner and co-workers (2019) used
this genetic model and subjected Wistar-Kyoto rats to the chronic
mild stress protocol and reported that these animals were non-
responsive to drug treatment with imipramine, citalopram or
venlafaxine, but responded well to deep brain stimulation as well as to
ketamine treatment. Another approach was to apply a high-fat diet
(45% fat) to mice in combination with the chronic mild stress protocaol,
and this high-fat diet protocol could prevent the antidepressant effect
of fluoxetine (Isingrini et al., 2010). Yet another study reported that
centrally administered IL-6 or endogenous overexpression of IL-6 in
the brain could prevent the antidepressant-like response to systemic
fluoxetine treatment (Sukoff Rizzo et al., 2012). Overall, these findings
imply that a TRD-like condition can be generated also in experimental
animals.

In our view, a valid TRD model should include some kind of
genetic susceptibility and an early life stressor because childhood
adversity seem to contribute to the development of TRD (Tunnard
et al., 2014; Williams et al., 2016). Afterwards, the adolescent or adult
animals should be subjected to repeated periods of stress and antide-
pressant treatment, which would then lead to a condition where a
subset of the animals is resistant to the drug treatment. This model
would require a large number of animals that are subjected to various
stressors and afterwards treated with different types of established
antidepressant drugs to prove their resistance to the conventional
therapy. Obviously, such a complex and work-intensive, long-term
protocol would not be suitable for everyday drug screening, but it
would be helpful for studying the underlying pathophysiology and to
test selected, highly promising, novel drug candidates.

For screening the effectiveness of novel compounds, investiga-
tors can employ the widely available, simple behavioural assays. Typi-
cally, these tests assess the animal's response to acute stressors, for
example, the forced swim or tail suspension tests. One should add
that these tests have been criticized for the anthropomorphic inter-
pretation of the ‘despair’ behaviour that the animals display in these
tests. Other tests assess the reward-seeking (hedonic) or anxiety-like
behaviour, grooming and social interaction between the animals.
Clearly, none of these screening assays can mimic the depressed phe-
notype, but they can give a hint whether the tested compound can
influence hedonic, or fearful behaviour, or engagement in motorically
demanding tasks. Importantly, all these simple behavioural tests were
optimized to screen for the potential efficacy of drugs under develop-
ment. Physiological parameters, such as neuroendocrine responses
(e.g., HPA-axis activity and sex hormone levels), changes in core body
temperature, ultradian sleep cycle or body weight gain, have also been
used to assess the response of the animals. Regrettably, none of these
measures yield unambiguous results. In conclusion, if these simple

behavioural tests are employed as a battery of tests following a model
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of stress induction, then they can yield a fairly reliable assessment of
the drug response of the animals and enable the researchers to iden-
tify certain subtypes of the behavioural responses that can be altered

by novel compounds.

8 | SUMMARY, CONCLUSIONS AND
FUTURE PERSPECTIVES

For decades, traditional antidepressants have targeted the mono-
amine pathways, but one third of MDD patients still remain therapy
resistant. Hence, there is an urgent need to identify novel targets with
different mechanisms of action.

Here, we systematically reviewed American and European regis-
tries of clinical studies in the past 10 years. We aimed to outline
promising trends in drug development that can be potentially useful in
the treatment of TRD. We identified numerous novel targets; how-
ever, the majority of them are still in early developmental phases. In
Figure 3, we present agents that were found to be clinically effective
in TRD in published trials.

So far, intranasal S-ketamine treatment, approved in 2019 by the
FDA and EMA, is the sole treatment option specifically indicated in
TRD, as add-on therapy to antidepressants acting on monoaminergic
system. S-ketamine is considered to be relatively safe, but several psy-
chiatric, cardiovascular and neurological side effects have been
reported; therefore, its long-term safety is heavily debated (Ramadan &
Mansour, 2020). Because of the established clinical effectiveness of (S)-
ketamine, the NMDA receptor has been singled out as the main novel
target for drug development. Disappointingly, some of the selective
NMDA receptor antagonists have failed in clinical studies. Importantly,
(S)-ketamine acts not only on NMDA receptors, and the exact molecu-
lar and cellular mechanisms responsible for the antidepressant efficacy
of ketamine are not completely understood; therefore, the therapeutic
value of selective NMDA receptor antagonists should not be taken for
granted. However, based on our present evaluation of the published
trials, the non-selective inhibitors and partial agonists of the NMDA
receptors (i.e., racemic ketamine, GLYX-13 and dextromethorphan) are
the most promising candidates in TRD. Furthermore, basimglurant, a
selective, negative allosteric modulator of a metabotropic glutamate
receptor, mGlus, yielded encouraging results in TRD.

Considering the opioid system, x opioid receptor antagonists
seem to have the most favourable effect in TRD, among which
buprenorphine was the most effective in clinical trials.

Currently, there is a revival in the use of psychedelic drugs con-
taining tryptamine derivates (e.g., psilocybin and ayahuasca) for thera-
peutic purposes. Results with psilocybin are especially convincing
when it is applied together with operationalized psychotherapy. These
compounds are believed to act on the serotonergic/monoaminergic
system, and the optimal dosage and treatment regimens need to be
determined. These drugs are likely to be valuable alternative thera-
peutic tools in TRD treatment.

Finally, it should be emphasized that currently, combination strat-

egies are the most evidence-based and convincing treatment options
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for TRD. Among the augmentative agents on top of conventional
SSRIs or monoamine reuptake inhibitors, atypical (second- and third-
generation antipsychotics, i.e., aripiprazole, brexpiprazole, quetiapine
and olanzapine) and lithium have the strongest evidence for effective-
ness. Further studies are needed to evaluate the augmentative
efficacy of anticonvulsants, thyroid hormones, novel glutamatergic
agents, anti-inflammatory agents and nutraceuticals.

In our opinion, the most promising leads for the treatment
of TRD are non-selective NMDA and mGlus receptor antagonists,

k opioid receptor antagonists and hallucinogenic tryptamine derivates.

8.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org and
are permanently archived in the Concise Guide to PHARMACOLOGY
2021/22 (Alexander, Christopoulos, et al., 2021; Alexander, Cidlowski,
et al., 2021; Alexander, Fabbro, et al., 2021; Alexander, Kelly, et al.,
2021; Alexander, Mathie, et al., 2021)
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