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Abstract

antidepressants often exhibiting delayed onset and limited efficacy. Rapid-acting interventions like ketamine and

MDD (major depressive disorder) remains a major global health challenge, with conventional

ECT (electroconvulsive therapy) offer promise, yet their underlying mechanisms have been unclear. The traditional
hypothesis holds that ketamine acts primarily by blocking NMDA (N-methyl-D-aspartate) receptors; however, this
view cannot fully explain its complex biological effects, and drug development based on this target has repeatedly
encountered setbacks. Centered on a recent study published in Nature, this article systematically reviews the scien-
tific journey toward identifying a unified mechanism for rapid antidepressant action. This work demonstrates for the
first time that the rapid antidepressant effects of both pharmacological (ketamine) and physical (ECT) interventions
are driven by a common downstream pathway—the adenosine signaling pathway in the mPFC (medial prefrontal
cortex). This article elaborats on the key experimental evidence supporting this discovery and proposes a novel con-
ceptual framework: ketamine acts as a “metabolic neuromodulator” that directly targets mitochondria, triggering a
controlled perturbation of cellular energy metabolism. This metabolic signal is then “amplified” by the adenosine
system and translated into potent neural modulation and antidepressant effects. Building on this mechanism, this
article further discusses how this new understanding can guide phenotypic drug discovery and the development of
non-pharmacological intervention strategies (such as acute intermittent hypoxia) to dissociate therapeutic effects
from side effects. Finally, this article offers a perspective on a future of precision MDD treatment centered on the
“metabolic-neural axis”, including the development of biomarkers, individualized neuromodulation, and integrated
therapeutic paradigms.

Keywords MDD; rapid antidepressant; ketamine; adenosine; energy metabolism; mitochondria; metabolic

neuromodulator; phenotypic drug discovery
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A: two rapid antidepressant interventions, the pharmacological agent ketamine and the physical intervention ECT (electroconvulsive therapy), though
acting through distinct upstream pathways, both induce a rapid and sustained increase in extracellular adenosine levels in the mPFC (medial prefrontal
cortex). B: the released adenosine acts on neuronal A1 and A2A receptors, activating downstream signaling pathways to produce rapid antidepressant
effects. Blocking adenosine receptors via genetic (A1R/A2AR KO) or pharmacological means abolishes the antidepressant effects of both ketamine and
ECT; conversely, directly activating the adenosine pathway (adenosine injection or optogenetic stimulation) can mimic the antidepressant effect.

Bl BREESEBERREINET AL ENSEIH RS E (£ A BioRender 2 Hl)
Fig.1 Schematic model illustrating the adenosine signaling pathway as a common mechanism underlying

rapid antidepressant therapies (made by BioRender)
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Schematic diagram of the mechanism: ketamine directly enters cells and acts on mitochondria, inhibiting the TCA cycle and leading to a decrease in the

intracellular ATP/ADP ratio. This metabolic signal promotes adenosine release into the extracellular space via ENTs (equilibrative nucleoside transport-

ers). Due to the vast concentration gradient between intracellular and extracellular compartments, subtle metabolic changes are amplified into a signifi-

cant adenosine signal.
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Fig.2 Mechanism of ketamine as a “metabolic neuromodulator” (made by BioRender)
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A: phenotype-based drug screening guided by the new mechanism: the scatter plot illustrates the relationship between adenosine release efficacy (vertical

axis) and NMDAR inhibition strength (horizontal axis) for different ketamine analogs. Molecules such as DCK demonstrate strong adenosine-releasing

capacity largely independent of NMDAR blockade, which supporting the novel mechanism and informing drug discovery. B: development of non-phar-

macological interventions based on the new mechanism: the figure illustrates how alH (acute intermittent hypoxia) rapidly modulates brain adenosine

levels and presents a prototype of a hypoxic device developed for potential clinical application.
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Fig.3 Development of phenotype-based drug screening and non-pharmacological therapies

targeting the adenosine mechanism (data points are schematic, adapted from reference [11])
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