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ABSTRACT

Introduction Thereis animminent need for faster-acting and
more effective antidepressants beyond the monoaminergic
hypothesis.

Methods We systematically searched the US Clinical Trials
registry for antidepressant compounds with completed phase
Il and Ill trials. Compounds that demonstrated significant su-
periority over placebo in the primary outcome measure in the
latest phase of phase Il and Ill trials were identified. The col-
lateral information was gathered via a PubMed search and press
releases.

Results Nine compounds were identified. AXS-05 (a combina-
tion of dextromethorphan and bupropion) and ansofaxine
hydrochloride showed a positive result over placebo in a phase
Il study for major depressive disorder or treatment-resistant
depression. M1J821, nitrous oxide, psilocybin, ayahuasca, facial
injection of botulinum toxin A, prasterone, and casopitant
demonstrated at least one positive result in phase Il trials. Aya-
huasca showed a greater response rate than placebo at week
one, indicating the rapid antidepressant effect.

Discussion These new compounds with novel mechanisms
of action are expected to provide a greater variety of treatment
options for depression if preliminary positive results are con-
firmed.
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Introduction

Antidepressants based on the monoamine hypothesis of depres-
sion have played a crucial role in treating major depressive disorder
(MDD) for decades [1]. Current treatment guidelines recommend
the use of selective serotonin reuptake inhibitors (SSRIs) and sero-
tonin-norepinephrine reuptake inhibitors (SNRIs) for initial treat-
ment [2-4]. However, there are several challenges associated with
the use of these antidepressants. First, the onset of antidepressant
action is delayed; numerous double-blind, randomized controlled
trials (DBRCTs) have demonstrated that the superiority of antide-
pressants to placebo generally occurs two or more weeks after in-
itiating the intervention [5]. Second, approximately one-third of
the patients with MDD do not achieve remission even after up to
four antidepressant trials [6]. Furthermore, 40 %-70 % of those who
initially responded to the treatment subsequently relapse within 1
year [7]. These shortcomings of conventional antidepressants em-
phasize the imminent need for faster-acting and more effective an-
tidepressants beyond the monoaminergic hypothesis.

While SSRIs and SNRIs are still called “newer” antidepressants,
the first SSRI, fluoxetine, was introduced to the market more than
40 years ago; much newer promising antidepressant compounds
have recently been tested [8-10]. For example, multiple studies
have demonstrated the effectiveness of ketamine, an N-methyl-D-
aspartate receptor (NMDAR) antagonist, and (s)-ketamine, an S-
enantiomer of ketamine, for treatment-resistant depression (TRD)
and suicidal ideation [11, 12]. Furthermore, there are several rap-
id-acting antidepressant compounds, such as a-amino-3-hydroxy-
5-methyl-4-isoxazole propionic acid receptor (AMPAR) modulators,
metabotropic glutamate receptor antagonists, y-aminobutyric acid
type A receptor modulators, muscarinic receptor antagonists, and
psychedelic drugs [8-10]. However, despite their promising pre-
liminary results, some of these compounds failed to show any sig-
nificant benefit over placebo in phase Il and Ill trials.

In this review, we conducted a systematic search of the US Clin-
ical Trials registry for antidepressant compounds in the pipeline
and reviewed the compounds that showed positive results in the
most recent phase of phase Il and Ill trials.

Methods

We performed a systematic search for DBRCTs of antidepressant
compounds in the US Clinical Trials registry (https://clinicaltrials.
gov/), with the following filters: condition or disease, “depression”;
recruitment, “completed” or “unknown”; and trial phase, “Phase
II” and “Phase II” (last search: August 22nd, 2021). The trials were
excluded if (1) they recruited patients with bipolar depression, de-
pression due to physical or neurological disorders, or premenstru-
al dysphoric disorder; (2) compounds tested were already market-
ed for depression; (3) compounds tested as adjunctive therapy to
ongoing antidepressants; (4) depressive symptomatology was not
assessed as a primary outcome. After identifying clinical trials that
fulfilled the selection criteria, test compounds that demonstrated
statistically significant superiority over placebo in the primary out-
come measure at the primary endpoint in the latest phase were
identified. Collateral information on the included compounds was
gathered from published articles via a PubMed literature search
and press releases. The compounds were excluded from this review
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if the literature search revealed that they failed to obtain approval
for depression or their development was terminated. TRD was de-
fined as depression that failed to respond to one or more antide-
pressant trials in the present review. The superiority to placebo was
defined as significant effectiveness over placebo in the primary out-
come measure at the primary endpoint. Response was defined as
a=50% score reduction at primary endpoint from baseline in the
Montgomery-Asberg Depression Rating Scale (MADRS), 17-item
or 21-item Hamilton Depression Rating Scale (HAMD;; or HAMD», ),
or 16-item Quick Inventory of Depressive Symptomatology Self-
Report (QIDS-SR;¢). Rapid-acting was defined as demonstrating
superiority to placebo in response rate by the end of the first week
of treatment.

Results

The search schematic is shown in > Fig. 1. A total of 176 antide-
pressant compounds were assessed for eligibility, and 167 com-
pounds were excluded based on the exclusion criteria and negative
study results. Thus, nine compounds fulfilled all selection criteria
(» Table 1). The compounds which were excluded due to a lack of
any significant positive result or termination of development are
summarized in > Table 2.

AXS-05

AXS-05 is a combination of dextromethorphan, a non-selective
NMDAR antagonist, and bupropion. Bupropion is compounded to
protect dextromethorphan from being rapidly metabolized via cy-
tochrome P450 2D6 and provides antidepressant effects. AXS-05
(45 mg dextromethorphan and 105 mg bupropion twice daily)
demonstrated significant improvement in the MADRS total score
reduction of 16.6 compared to 11.9 for placebo at week 6 (prima-
ry outcome) in one phase lll DBRCT of 327 patients with TRD
(p=0.002) (NCT04019704) [13]. A significant reduction in the
MARDS total score was also observed at week 1 compared to pla-
cebo (p=0.007). While the response rate of AXS-05 at week 6 was
different from that of placebo (54.0 % versus 34.0%, p<0.001),
there were no data at any other time points. While the most com-
monly reported adverse events in the AXS-05 group were dizziness,
nausea, headache, diarrhea, somnolence, and dry mouth, theirin-
cidence rates were not reported. There was no information on dis-
sociative symptoms, psychotic symptoms, or dependence. In an-
other phase Il DBRCT of 312 patients with TRD (NCT02741791),
they were randomized to treatment with either AXS-05 (45 mg
dextromethorphan and 105 mg bupropion) or 150 mg bupropion,
twice daily for 6 weeks [14]. In this study, the antidepressant effect
of AXS-05 was shown with significant MADRS total score reduc-
tions of 5.2 for AXS-05 versus 3.6 for bupropion at week 1 (p=0.02)
and 8.0 for AXS-05 versus 6.1 for bupropion at week 2 (p=0.035).
In contrast, there was no significant superiority in the MADRS score
reduction at week 6 (primary outcome, 11.6 for AXS-05 versus 9.4
for bupropion, p=0.117) [14]. The response rates at these time
points were not reported. The most commonly reported adverse
events in AXS-05 were dizziness and nausea without any informa-
tion on their frequency, while dissociative symptoms, psychotic
symptoms, or dependence were not reported. One phase Il open-
label safety trial for 876 participants has been completed without
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> Fig. 1 A flow diagram of search of clinical trials and antidepressant compounds.

any reported results (NCT04039022). In a recent phase Il study for
44 patients with TRD in stable remission, AXS-05 twice daily sig-
nificantly delayed the time to relapse up to 52 weeks as compared
to placebo (primary outcome, p=0.002) (NCT04608396) [15].
There were no treatment-emergent adverse events reported in
more than one patientin the AXS-05 group. The U.S. Food and Drug
Administration granted fast track designation for TRD and break-
through therapy designation for MDD to AXS-05 [14]. One phase
Il trial was still in the recruitment stage on ClinicalTrials.gov
(NCT04634669) as of August 22, 2021.

MIj821

MI1J821 (CAD9271) is an NMDAR subtype 2B negative allosteric
modulator. In a phase Il DBRCT of 70 patients with TRD, MI}821 at
doses of 0.16 mg/kg and 0.32 mg/kg was administered via infusion
on a weekly or bi-weekly basis for 6 weeks and compared with
0.5 mg/kg of ketamine and placebo administered weekly (i.e. 6
armsin total) (NCT03756129) [16]. There were greater reductions
in the MADRS total score at 24 hours (primary outcome) in the
pooled MI)821 0.16 mg/kg group (-15.51, p=0.0013) and the
pooled M1J8210.32 mg/kg group (-12.98, p=0.0196) than place-
bo group (-7.27). While the intravenous ketamine group demon-
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strated a score reduction of -=12.9 in the MADRS, no comparison
was made to MI)821 or placebo. The significant antidepressant ef-
fects of M1)821 were also observed at 48 hours but not 6 weeks.
Response rate according to the MADRS was not reported in this
study. The most frequent adverse event in M1]821 was amnesia
(10.0%). Dissociation was observed with an incidence rate of 5.0 %
inthe pooled MI)821 group. One phase Il trial in patients with MDD
who have suicidal ideation with intent was still in the recruitment
stage on ClinicalTrials.gov (NCT04722666) as of August 22, 2021.

Nitrous oxide

Nitrous oxide is an inhalational anesthetic commonly used in den-
tistry, emergency centers, and ambulatory surgery centers [17]
and acts as an NMDAR antagonist. In a phase Il crossover DBRCT of
20 patients with TRD, 1-hour inhalation of 50 % nitrous oxide plus
50 % oxygen was superior to that of placebo gas in the improve-
ment of the HAMD, at 2 hours (-4.8 versus -2.3, p<0.001) and
24 hours (primary endpoint, -5.5 versus -2.8, p<0.001)
(NCT02139540) [18]. The response rates at 24 hours were 20.0 %
in the nitrous oxide group and 5.0 % in the placebo group without
any significance (Odds Ratio (OR)=4.0, 95% CI=0.5-35.8). The
frequent adverse events included nausea/vomiting (15.0 %), head-
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> Table 1 Novel antidepressant in the pipeline.

Compound Presumed Phase | Sponsor Characteristics
mechanism of
antidepressant
action

AXS-05 NMDAR antagonism 11l Axsome AXS-05 showed rapid and durable improvement in the MADRS total score

compared to placebo in one phase Ill DBRCT (NCT04019704). Another phase IlI
DBRCT demonstrated its rapid antidepressant effects in the MADRS total score
compared to bupropion (NCT02741791). One phase Ill open-label safety study has
just been completed without any reported results (NCT04039022). One phase Il
trial is still in the recruitment stage on ClinicalTrials.gov (NCT04634669).

MI)821 (CAD9271) NMDAR subtype 2B I Novartis MI)821 demonstrated greater improvements than placebo in the MADRS total
negative allosteric score at 24 hours in a phase Il DBRCT (NCT03756129). One phase Il DBRCT is
modulation ongoing (NCT03756129).

Nitrous oxide NMDAR antagonism I None In a phase Il crossover DBRCT, 50 % nitrous oxide plus 50 % oxygen was superior to

that of placebo gas in the improvement of the HAMD,; at 2h and 24h
(NCT02139540). The results of other phase Il studies examining 25 % and 50 %
nitrous oxide have not been reported yet (NCT03283670, NCT03932825). There is
one ongoing phase Il DBRCT (NCT03869736).

Psilocybin 5-hydroxytryptamine | I None One phase Il waiting list-controlled trial demonstrated that the HAMD; scores
2 A agonism after two psilocybin sessions in the psilocybin group were significantly lower than

those in the waiting-list group (NCT03181529). In another phase Il DBRCT, two
administrations of psilocybin were not inferior to the treatment of escitalopram in
the QIDS-SR¢ (NCT03429075). Some phase-Il DBRCTs are ongoing
(NCT03775200, NCT03866174, NCT03715127).

Ayahuasca 5-hydroxytryptamine | I None Rapid antidepressant effects in the HAMD total score were observed in ayahuasca
2 A agonism and compared to placebo in one phase-Il DBRCT (NCT02914769). No ongoing trial was
Monoamine oxidase registered on ClinicalTrials.gov.
inhibition

Botulinum toxin A Positive effects of I None In a phase Il crossover DBRCT, there was a significant improvement in the HAMD»,

(BTA) altered facial in the patients who received BTA compared with those who received placebo
expression on (NCT01392963). In another phase Il DBRCT, BTA showed a significant score
emotional perception reduction in the MADRS compared to placebo (NCT02116361). The addition of

BTA to an ongoing antidepressant also demonstrated greater efficacy in the
HAMD; score reduction over placebo in a phase Il DBRCT. In a phase IV DBRCT,
BTA showed a greater response rate on the MADRS compared to placebo
(NCT01556971). One clinical trial comparing two facial injection sites is ongoing
(NCT03484754).

Prasterone Sigma receptor Il None In one phase Il crossover DBRCT, the administration of DHEA resulted in a

(dehydroepiandro- agonism significant improvement in the HAMD,; compared with placebo (NCT00001487).

sterone, DHEA) No ongoing trial was registered on ClinicalTrials.gov.

Casopitant NK receptor Il GlaxoS- In one phase Il DBRCT, there was a significant difference in the HAMD,; score

(GW679769) antagonism mithKline | change between casopitant and placebo (NCT00413023). Another phase Il DBRCT

reported that neither casopitant nor paroxetine achieved statistical separation
from placebo on the HAMD;; (NCT00102492). No active trial was registered on
ClinicalTrials.gov.

Ansofaxine Serotonin-norepi- 1 Luye Ansofaxine hydrochloride showed an antidepressant effect in the MADRS total

hydrochloride nephrine-dopamine score compared to placebo in a recent phase Il DBRCT (NCT04853407). No

(LY03005, triple reuptake ongoing trial was registered on ClinicalTrials.gov.

LPM570065) inhibition

Abbreviations: DBRCT, double-blind, randomized controlled trial; HAMD, Hamilton Depression Rating Scale; MADRS, Montgomery-Asberg Depression
Rating Scale; MDD major depressive disorder; NMDAR, N-methyl-D-aspartate receptor; QIDS-SR+¢, 16-item Quick Inventory of Depressive Symptoma-
tology, Self-Report; TRD, treatment-resistant depression.

ache (10.0%), numbness/paresthesia (10.0 %), and anxiety (10.0 %).
In another phase Il crossover DBRCT of 24 patients with TRD, a sin-
gle 1-hour inhalation of 50 % and 25 % nitrous oxide in oxygen did
not demonstrate significant reduction in the HAMD,, total score
compared to placebo gas at hours 2, 24 and week 1, but did at week
2 (primary outcome, the estimated differences between 25 % ni-
trous oxide and placebo: -0.75 at 2 hours (p=0.73), -1.41 at

2 (p=0.02); the estimated differences between 50 % nitrous oxide
and placebo: -0.87 at 2 hours (p=0.69), -1.93 at 24 hours
(p=0.37), -2.44 at week 1 (p=0.25), and -7.00 at week 2
(p=0.001) (NCT03283670) [19]. The response rates at 2 weeks
were 41.7 % in the 50 % nitrous oxide group (Relative Risk (RR) =2.9;
95% Cl=0.6-18.0), 33.3%in the 25 % nitrous oxide group (RR=2.5;
95%Cl=0.4-16.3),and 11.1 % in the placebo group. The most fre-

24 hours (p=0.52), -4.35 at week 1 (p=0.05), and -5.19 at week
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> Table 2 Antidepressant drugs in the pipeline that failed to show any significant benefit over placebo in phase Il and Il trials.

Compound Phase | Patients | Characteristics

AZD2327 Il MDD No significant antidepressant effect was found in the HAMD;; total score in AZD2327 compared with placebo
in a phase Il DBRCT for MDD (NCT00759395).

AZD7268 Il MDD No significant difference was demonstrated in the MADRS total score between AZD7268 and placebo in a
phase Il DBRCT for MDD (NCT01020799).

Decoglurant Il MDD In a phase Il DBRCT for MDD, no significant differences were observed between decoglurant and placebo in

(RG1578, the reduction in the MADRS total score and response and remission rates (NCT01457677).

RO4995819)

GSK163090 Il MDD In a phase Il DBRCT for MDD, GSK163090 showed no significant difference in the HAMD;; total score
compared with placebo (NCT00896363).

GSK372475 Il MDD No significant difference was found in the MADRS total score between GSK372475 and placebo in two phase
11 DBRCT for MDD (NCT00420641 and NCT00448058).

GSK561679 Il MDD GSK561679 did not show any significant difference in the HAMD,; total score compared with placebo in a
phase Il DBRCT for MDD (NCT00733980).

GW856553 Il MDD No significant difference was found in the HAMD; total score between GW856553 and placebo in a phase Il
DBRCT for MDD (NCT00976560).

JNJ-18038683 Il MDD JNJ-18038683 demonstrated no statistically significant improvement over placebo in the MADRS total score in
a phase Il DBRCT for MDD (NCT00566202).

Lanicemine Il MDD In a phase Il DBRCT for MDD, lanicemine showed a significantly greater reduction in the MADRS total score

(AZD6765) within 80 minutes compared to placebo. However, the significant improvement remained only for 110 min-
utes (NCT00986479). The development of lanicemine was terminated in 2013.

Mecamylamine Il MDD There was no statistically significant difference in terms of total score reduction in the MADRS between

(TC-5214) mecamylamine (2mg/d or 8 mg/d) and placebo in a phase Il DBRCT for MDD (NCT01288079).

MIN-117 Il MDD In a phase Il DBRCT for MDD, no statistically significant difference was found between MIN-117 and placebo in
terms of total score reduction in the MADRS (NCT03446846).

NSI-189 Il MDD There was no statistically significant difference in total score reduction in the MADRS between NSI-189
(40mg/d or 80 mg/d) and placebo in a phase Il DBRCT for MDD (NCT02695472).

PDC-1421 Il MDD In a phase Il DBRCT for MDD, there was no statistically significant difference in terms of total score reduction
in the MADRS between PDC-1421 and placebo (NCT02395978).

Serdaxin (Zoraxel, | Il MDD While several ad-hoc analyses showed non-significant but a trend-level greater percent change in the MADRS

RX-10100) total score in those treated with serdaxin compared to placebo, serdaxin did not demonstrate a pre-defined
superiority to placebo in a phase Il DBRCT for MDD (NCT00839176).

Traxoprodil I MDD Traxoprodil demonstrated a greater decrease in the MADRS total score compared with placebo in a phase Il

(CP-101,606) DBRCT for MDD (NCT00163059). However, further development was not pursued due to a concern about
potential cardiovascular risk via QT prolongation.

Yohimbine Il MDD In a phase Il crossover DBRCT for MDD, there was no significant difference in the HAMDj total score between

hydrochloride Yohimbine hydrochloride and placebo (NCT00078715).

Amibegron 11l MDD In a phase Il DBRCT for MDD, amibegron was associated with a significantly greater decrease in the HAMD;;

(SR58611A) total score compared with placebo (NCT00825058). The development of amibegron was terminated in 2008.

Aprepitant 1] MDD No significant difference was found in the HAMD; total score change between aprepitant and placebo in a

(MK0869) phase Il DBRCT for MDD (NCT00042029).

Buprenorphine 1 TRD Low-dose buprenorphine provided a rapid and sustained improvement for older adults with TRD in a phase Il
RCT. However, no significant difference was observed in the MADRS total score between buprenorphine and
placebo in a phase Il DBRCT for TRD (NCT01407575).

Edivoxetine I MDD In a phase Ill DBRCT for MDD, edivoxetine demonstrated a significant total score reduction in the MADRS

(LY2216684) compared with placebo (NCT00795821). However, edivoxetine did not separate from placebo in the MADRS
total core reduction in three acute phase Il DBRCTs (NCT01185340, NCT01173601, NCT01187407).

EPA I MDD No significant difference was observed in the HAMD; total score reduction between EPA and placebo in a
phase Il DBRCT for MDD (NCT00361374).

Ethyl-EPA 1 MDD Ethyl-EPA demonstrated a greater score reduction in the HAMD; total score compared with placebo;
however, it did not reach statistical significance in a phase 11l DBRCT for MDD (NCT00096798).

Herbal extract I MDD No significant difference in the HAMD,; total score was observed between herbal extract and placebo in a
phase Il DBRCT for MDD (NCT01098318).

Rapastinel 1 TRD Rapastinel showed no greater improvement in the MADRS total score over placebo in a phase Il DBRCT for

(GLYX-13, BV-102) TRD and its development was discontinued (NCT03560518).

Zuranolone I MDD In a phase Il DBRCT for MDD, zuranolone did not show any statistically significant reduction from baseline

(SAGE-217) compared to placebo in the HAMD;; total score (NCT03672175).

Abbreviations: DBRCT, double-blind, randomized controlled trial; EPA, Eicosapentaenoic acid; HAMD, Hamilton Depression Rating Scale; MADRS,
Montgomery-Asberg Depression Rating Scale; MDD major depressive disorder; NMDAR, N-methyl-D-aspartate receptor; QIDS-SR;6, 16-item Quick
Inventory of Depressive Symptomatology, Self-Report; TRD, treatment-resistant depression.
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quently reported adverse event which occurred 24 hours after in-
halation was common cold/strep throat (11.1 %). Mild dissociative
effects were reported during or immediately after inhalation ses-
sion in some patients who were receiving nitrous oxide (feeling dis-
connected, 26.1% in the 50 % nitrous oxide group; lightheaded-
ness, 8.7%and 5.0% in the 50 % and 25 % nitrous oxide groups, re-
spectively; feeling high, 13.0% in the 50 % nitrous oxide group; and
paranoia, 4.3 % in the 50 % nitrous oxide group). The result of an-
other phase Il study examining 1-hour inhalation of 50 % nitrous
oxide has not been reported, probably because it was only recent-
ly completed (NCT03932825). One phase Il DBRCT is ongoing in
which the participants have been randomized to receive 1-hourin-
halation of 50 % nitrous oxide, 25 % nitrous oxide, or placebo gas
(NCT03869736).

Psilocybin

Psilocybin is a psychedelic through serotonin 5-hydroxytryptamine
type 2 A (5-HT,,) receptor agonist, which occurs naturally in the
psychoactive psilocybe genus of mushrooms [20]. One phase I
waiting list-controlled trial of 27 patients with MDD demonstrat-
ed that the HAMD, scores 1 (primary endpoint) and 4 weeks after
two psilocybin sessions (session 1: 20 mg/70 kg; session 2:
30mg/70kg) in the psilocybin group (8.0+7.1 and 8.5+5.7, re-
spectively) were significantly lower than those in the waiting-list
group (23.8+5.4 and 23.5+6.0, respectively, both p-val-
ues<0.001) (NCT03181529) [20]. The response rates in the psilo-
cybin group were 70.8 % both at 1 and 4 weeks while data were not
shown for the wait-list group. The adverse events in the psilocybin
group included various emotional (e. g., fear and sadness) and phys-
ical (e. g., feeling body shake or tremble) experiences during psilo-
cybin sessions, and headache. In another phase Il DBRCT of 59 pa-
tients with MDD, two administrations of psilocybin (25 mg of psil-
ocybin 3 weeks apart plus 6 weeks of daily placebo) were not
inferior to the 6-week treatment of escitalopram (1 mg of psilocy-
bin three weeks apart plus 10-20 mg escitalopram for 6 weeks) in
the QIDS-SRy¢ score changes (primary outcome, -8.0+1.0 and
-6.0+1.0, respectively, p=0.17) (NCT03429075) [21]. The re-
sponse rates at 6 weeks were 70.0 % in the psilocybin group and
48.3 % in the escitalopram group (difference: 22%, 95% Cl: -3 to
48). The common adverse events were headache (66.7 %), nausea
(26.7 %), and migraine (10.0 %) in psilocybin. There was no report
on dissociative symptoms, psychotic symptoms, or dependence.
Other phase Il DBRCTs targeting MDD are ongoing (NCT03775200,
NCT03866174, and NCT03715127). Psilocybin received break-
through therapy designation for the treatment of MDD in 2019.

Ayahuasca

Ayahuasca is a hallucinogenic botanical mixture that is tradition-
ally used for healing and spiritual purposes in South America. Aya-
huasca combines N, N-dimethyltryptamine (DMT), a psychedelic
agent with 5-hydroxytryptamine 2 A agonist activity, with mono-
amine oxidase-inhibiting B-carboline alkaloids, such as harmine,
harmaline, and tetrahydroharmine [22]. A single dose of ayahuas-
ca (1 mL/kg adjusted to contain 0.36 mg/kg of N, N-DMT) demon-
strated a significantimprovement in the HAMD total score of 14.4
compared to 2.8 for placebo on day 7 in one phase Il DBRCT of 29
patients with TRD (primary outcome, p=0.019, Cohen's d=1.49)

(NCT02914769) [23]. The response rates at day 7 between the aya-
huasca and placebo groups were significantly different (57.1 % ver-
sus20.0%, OR=5.3,95% Cl=1.1-22.6, p=0.04). In this study, most
participants reported nausea and about 57 % of them vomited.
There were no data reported concerning other adverse events. No
ongoing trial was registered on ClinicalTrials.gov as of August 22,
2021.

Botulinum toxin A

Local injections of botulinum toxin A (BTA; onabotulinumtoxinA)
lead to muscle relaxation through a multistep mechanism [24]. BTA
injections into the facial muscles in the glabellar region have been
thought to have an antidepressant effect, possibly because facial
expression influences emotional perception [25]. In a phase Il cross-
over DBRCT of 30 patients with MDD, females received 29 units of
BTA, and males received 39 units. In this study, there was a signifi-
cantimprovementin the HAMD,; in the patients who received BTA
compared with those who received placebo at week 6 (primary out-
come, -12.7 versus -0.4, p<0.0001) (NCT01392963) [25]. The re-
sponse rate at week 6 was significantly higherin the BTA group than
in the placebo group (55.6 % versus 0.0 %, p<0.0001). There were
no safety data reported in this study. In another phase || DBRCT for
255 female patients with MDD, 30 units of BTA, but not 50 units,
showed a marginally significant score reduction in the MADRS com-
pared to placebo at week 6 (primary endpoint, least-squares
mean * standard error: -11.6 1.4 versus 7.9+ 1.4, p=0.053)
(NCT02116361) [24]. Significant difference was also found at week
3(-7.8+1.1versus-3.6+1.1,p=0.005)and 9 (-13.7 £1.3 versus
-10.0£1.4, p=0.049) in this study. There was no available infor-
mation on the response rate in this study. While headache com-
monly occurred in the BTA group (15.4 %), there was no report on
dissociative symptoms, psychotic symptoms, or dependence. The
addition of BTA (29 units for females and 39 units for males) to an
ongoing antidepressant also demonstrated greater efficacy in the
HAMD; score reduction over placebo at week 6 in a phase Il DBRCT
of 30 patients with MDD (primary outcome, -10.1+ 8.2 versus
-1.7+4.3, p=0.002) (NCT00934687) [26]. The response rate at
week 6 was significantly higherin the additional BTA group thanin
the additional placebo group (60.0 % versus 13.3 %, p=0.02). Short
episodes of headache were the only relevant adverse event (40.0 %
in the additional BTA group). In a phase IV DBRCT of 85 patients
with MDD, BTA (29 units for females and 40 units for males) showed
a greater rate of response compared to placebo at week 6 (primary
outcome, 51.5% versus 14.6 %, p<0.001) (NCT01556971) [27].
Safety data were not shown in this study. One clinical trial compar-
ing two facial injection sites (i. e., in the corrugator and procerus
and the lateral muscle orbicularis oculi) is ongoing (NCT03484754).

Prasterone

Prasterone (dehydroepiandrosterone, DHEA) is a steroid hormone
precursor used to treat painful sexual intercourse due to vaginal
atrophy. In one phase Il crossover DBRCT of 46 participants with
midlife-onset major or minor depression, the 6-week administra-
tion of DHEA (90 mg/d for 3 weeks and 450 mg/d for 3 weeks) re-
sulted in a significant improvement in the HAMD;; compared with
the 6-week treatment with placebo (primary outcome, 13.3+0.9
to7.5+1.2versus 13.5£0.8t0 11.8+1.1,p<0.01) (NCT00001487)
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[28]. While 50.0 % of the participants responded after the DHEA
treatment, 28.3 % responded after receiving a placebo (p=0.03).
None reported adverse events in this study, except for one patient
who experienced an increase in the skin oiliness. No ongoing trial
was registered on ClinicalTrials.gov as of August 22, 2021.

Casopitant

Casopitant (GW679769) is an antagonist of the neurokinin (NK)
receptor that is located in areas of the brain related to the regula-
tion of affect and stress behaviors, including the amygdala hypo-
thalamus, hippocampus, frontal cortex, raphe nucleus, and locus
coeruleus [29]. In one phase || DBRCT of 356 patients with MDD,
there was a significant difference in the HAMD+ score change at
week 8 (primary outcome) between casopitant 80 mg/d and pla-
cebo (difference=-2.7, p=0.023), but not between casopitant
30mg/d and placebo (difference=-2.1, p=0.077) (NCT00413023)
[29]. A significant difference between casopitant 80 mg/d and pla-
cebo was detected at week 1 (p=0.010). The response rates at
week 8 in the casopitant groups (40 % in the 80 mg/d group and
39 % in the 30 mg/d group) were not significantly different from
that in the placebo group (32 %, both p’s>0.05). Another phase Il
DBRCT of 362 patients with MDD reported that neither casopitant
80-120 mg/d nor paroxetine 30 mg/d achieved statistical separa-
tion from placebo at week 8 on the HAMD;; (primary outcome, dif-
ference for casopitant=-1.7, p=0.114 and difference for paroxe-
tine=-1.2, p=0.282) (NCT00102492) [29]. The response rate at
week 8 in neither the casopitant group (62 %) nor the paroxetine
group (60 %) was not different from that in the placebo group (59 %,
both p’s>0.05). The adverse events that occurred>10%in one or
more casopitant groups in these two studies included headache,
somnolence, nausea, diarrhea, and dry mouth. There was no report
of dissociative symptoms, psychotic symptoms, or dependence.
No active trial was registered on ClinicalTrials.gov.

Ansofaxine hydrochloride

Ansofaxine hydrochloride (LY03005, LPM570065) is a prodrug of des-
venlafaxine which works as a serotonin—-norepinephrine-dopamine
reuptake inhibitor [30]. In a recent phase Il DBRCT of 558 patients
with MDD, the 8-week administration of ansofaxine hydrochloride
(80mg/d or 160mg/d) resulted in a significant improvement in the
MADRS compared with placebo although the detailed information
was not reported (NCT04853407) [31,32]. The common adverse
events were nausea, vomiting, headache, and drowsiness. No active
trial was registered on ClinicalTrials.gov as of August 22, 2021.

Discussion

The latest report of a systematic search of not-yet-marketed anti-
depressant compounds showed positive results in phase Il and llI
trials. The search in the US Clinical Trials registry identified nine
compounds. AXS-05 provided a positive result over placebo in one
phase lll DBRCT for TRD and immediate antidepressant effect over
bupropion in another phase Ill DBRCT for TRD. As TRD was target-
ed in these studies, AXS-05 may be considered to be a promising
treatment option for those who did not respond to conventional
antidepressants. Eight other compounds, including M1J821, nitrous
oxide, psilocybin, ayahuasca, facial injection of BTA, prasterone,
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casopitant, and ansofaxine hydrochloride demonstrated at least
one positive result in phase Il or Ill trials for TRD or MDD. Six com-
pounds demonstrated the significant score reduction in the rating
scale used for each primary outcome compared with placebo with-
in one week (i. e., nitrous oxide, a few hours; MI)821 and ayahuas-
ca, one day; AXS-05, psilocybin, and casopitant, one week); of
these, ayahuasca showed a greater response rate than placebo
within one week. These new compounds with novel mechanisms
of action beyond the conventional monoaminergic hypothesis are
expected to provide a greater variety of treatment options in phar-
macotherapy for depression in the near future if these preliminary
results are confirmed.

AXS-05, MI|821, and nitrous oxide have antagonistic or nega-
tive allosteric activity modulation in NMDAR like ketamine. The an-
tidepressant effects of several NMDAR modulators have been ex-
amined since discovering the antidepressant effects of ketamine
in 2000 [33]. However, other than these three drugs, NMDAR mod-
ulators generally failed to show superiority to placebo (e. g., rapast-
inel [GLYX-13] [34] and L-4-chlorokynurenine [AV-101] [35]), and
the development of lanicemine (AZD6765, BHV-5000) seemed to
be terminated [36]. The following mechanisms have been thought
to underlie the antidepressant effects of ketamine: (1) inhibition
of NMDARs localized to GABA inhibitory interneurons, (2) a cascade
of intracellular changes due to transient inhibition of postsynaptic
NMDAR activity, (3) activation of cellular plasticity cascades from
inhibition of extrasynaptic NMDARs, and (4) inhibition of NMDAR-
dependent high-frequency burst firing in the lateral habenula [37].
However, the antidepressant effects of ketamine are recently con-
sidered to be independent of NMDAR inhibition because of its more
significant antidepressant-like effect and less potent inhibition of
NMDAR in (R)-ketamine than (S)-ketamine [38]. Moreover, an
NMDAR antagonist, MK-801, which binds to the same receptor site
as ketamine, does not exert sustained antidepressant effects [39].
Instead, the antidepressant effects of ketamine require the acute
activation of AMPAR. A single subanesthetic dose of ketamine pro-
duces arapid increase in the expression levels of the AMPAR GIuA1
subunit in the medial prefrontal cortex in a rodent model [40]. In
addition, pretreatment with an AMPAR antagonist blocks the anti-
depressant-like behavioral effects of ketamine [41]. Altogether,
these findings indicate that AMPARSs likely play a pivotal role in the
antidepressant actions of ketamine. As described above, AXS-05
is a combination of dextromethorphan and bupropion. Similar to
ketamine, pretreatment with an AMPAR antagonist significantly
blocks the antidepressant-like behavior of dextromethorphan, sug-
gesting that AMPARs may also play a significant role in the antide-
pressant-like effects of dextromethorphan [42]. While the antide-
pressant effects of nitrous oxide and MIJ821 are unclear, the repeat-
ed exposure of nitrous oxide increases burst firing activity, which
may lead to antidepressant-like effects [43].

Increasing evidence suggests the safety and efficacy of psyche-
delic compounds as potential novel therapeutics in psychiatry
[44,45]. Some clinical trials have demonstrated the safety, effica-
cy, and tolerability of (1) 3,4-methylenedioxymethamphetamine
and lysergic acid diethylamide (LSD) for treatment-resistant post-
traumatic stress disorder [46-48]; (2) psilocybin for the obsessive-
compulsive disorder [49], (3) alcohol abuse [50], (4) smoking ces-
sation [51], and (5) psilocybin and LSD for anxiety, depression, pain,
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and distress associated with a life-threatening illness [52, 53]. As
described in the present review, several clinical trials have shown
the efficacy of psilocybin and ayahuasca for TRD. Most psyche-
delics, including psilocybin and ayahuasca, are 5-HT,, receptor ag-
onists, which are thought to mediate their psychedelic and hallu-
cinogenic effects [54, 55]. Psychedelic compounds may induce
brain-derived neurotrophic factor-mediated AMPAR potentiation
and enhancement of neural plasticity [56, 57], possibly resulting
in antidepressant effects. Future studies are needed to dissect the
mechanisms of these antidepressant effects in a compound- and
dosage-specific manner [58].

The safety and efficacy of BTA, prasterone, casopitant, and an-
sofaxine hydrochloride have also been demonstrated for the treat-
ment of MDD. Treatment of the glabellar region with botulinum
toxin produces a relative change in the facial expressions, from neg-
ative to positive, possibly impacting emotional experience [26].
Prasterone stimulates neurogenesis and increases hippocampal
spine synapse density in the rat hippocampus [59, 60], potentially
leading to neuroprotective and proliferative effects. Casopitant in-
creases serotonin and norepinephrine neurotransmitters through
the NK1 receptor system [61]. Ansofaxine hydrochloride blocks
serotonin, norepinephrine, and dopamine transporters [30].

This review has several limitations. First, only the US Clinical Tri-
als registry was searched for relevant clinical trials and antidepres-
sant compounds. However, this is the largest registry that contains
more than 384,000 clinical trials, which is six times larger than the
European registry. Second, the collection of collateral information
via the PubMed search and press releases was not performed sys-
tematically. Third, the targeted populations (i. e., MDD or TRD),
primary outcome measures (i. e, score reductions in the HAMD
and MADRS and response rate), and primary endpoints (i. e., from
24 hours to 6 weeks) differed among individual studies. Those with
TRD may be less likely to respond to treatment of interest compared
to those with MDD since the lower response rate was observed in
the later treatment step in the Sequenced Treatment Alternatives
to Relieve Depression (STAR * D) trial [7]. Furthermore, the prima-
ry endpoint was not clarified in one study for nitrous oxide [19].
Fourth, the superiority/inferiority of each compound to ketamine
cannot be examined because a direct comparison of only MlJ821
with ketamine is reported. Finally, it should be noted that the com-
pounds demonstrated significant superiority to placebo in the pri-
mary outcome measure at the primary endpointin the latest phase
of clinical trials, regardless of their mechanisms of actions or pres-
ence/absence of rapid-acting property.

In conclusion, the present study identified nine promising anti-
depressant compounds (i. e., AXS-05, M1|821, nitrous oxide, psilo-
cybin, ayahuasca, facial injection of BTA, prasterone, casopitant,
and ansofaxine hydrochloride) that demonstrated positive results
in phase Il or Il studies for MDD or TRD. These new drugs with novel
mechanisms of action can address unmet needs for the treatment
of depression. At the same time, their efficacy and safety must be
rigorously examined before they are marketed.
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