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Abstract

Background Autophagy is central to health, and a decline in autophagy from the youthful, healthy state correlates with disease

and aging. Among the diseases in which a decline in autophagy is prominent are neurological and neuroimmune disorders,

such as Alzheimer’s and Parkinson’s. Psychiatric disorders are characterized almost universally by increased inflammation and

oxidative stress, which are negatively related to levels of autophagy. Treatments designed to restore or increase autophagy

may have efficacy in psychiatric disorders such as depression, bipolar disorder, and schizophrenia. Findings Recent research

has found that many psychoactive drugs in several different classes, such as anti-psychotics, tricyclic antidepressants, selective

serotonin reuptake inhibitors (SSRIs), and lithium, strongly promote autophagy in neurons. Other diverse interventions, such

as rapamycin, trehalose, and exercise, have been shown to have antidepressant effects in animals and sometimes in humans.

Most drugs used in other areas of medicine do not activate autophagy. The case is made in this paper that autophagy may

play a central role in the mechanism of action of these drugs and interventions through direct effects on autophagy as well

as concomitant lowering of levels of inflammation and oxidative stress. Conclusions Many drugs used in the treatment of

psychiatric illnesses activate autophagy, and this may be their central mechanism of action, which lends new insight into the

pathogenesis of mental illness and to potential new therapies for them.
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AUTOPHAGY, HEALTH, AND DISEASE

Autophagy, from the Greek for “self-eating”, is the regulated process of cellular self-cleaning in which
poorly functioning organelles, such as mitochondria, and misfolded and glycated proteins, are targeted
for destruction. Autophagy declines with age[1] and its decline is prominent in diverse disease states
such as heart disease, cancer, and neurodegenerative disorders.[2]

A decline in autophagy is one of a number of cellular and systemic processes seen in aging and
illness, and is related to several others, namely increased inflammation, increased oxidative stress, and
mitochondrial dysfunction. A number of cellular signaling mechanisms and sensors regulate
autophagy, and in turn these mechanisms and sensors feed back and/or activate others, so that, for
example, an increase in the level of autophagy contributes to, or coincides with, a decrease in
inflammation, oxidative stress, and mitochondrial dysfunction. Among the cellular sensors is mTOR, or
mammalian target of rapamycin; inhibition of mTOR increases levels of autophagy. Upstream of mTOR
is the growth hormone/IGF-1 system; inhibition of this system, either through lack of IGF-1 receptors,
calorie and protein restriction, or lower levels of growth hormones, increases autophagy and is
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Many drugs used in the treatment of psychiatric illnesses activate autophagy, and this may be their central mechanism of action,
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associated with substantial protection from cancer as well as longer life in laboratory animals.

A further signaling sensor is adenosine monophosphate-activated protein kinase (AMPK), which is at
the center of an integrated signaling network that controls aging.[3] Lack of molecular energy in the
form of adenosine triphosphate (ATP), as well as a number of chemical compounds such as
resveratrol and curcumin, activate AMPK, which in turn inhibits mTOR, causing an increase in
autophagy. AMPK also causes a decrease in the activation of NF-kappa B, a transcription factor which
increases the production of pro-inflammatory cytokines, thus decreasing systemic inflammation. At the
same time, AMPK activates the Nrf2 transcription factor, which causes an increase in phase 2
detoxifying enzymes and in anti-inflammatory cytokines. Activity of AMPK also declines with age, and
this is related to an increase in pro-inflammatory cytokines and therefore inflammation and decreased
autophagy.

Increased autophagy more directly contributes to a decline in inflammation and oxidative stress by
selectively targeting dysfunctional mitochondria, which are the main source of free radicals (reactive
oxygen species, ROS) in cells.[4] By breaking down defective mitochondria, autophagy increases
mitochondrial turnover and biogenesis, with more of the mitochondria being in their youthful state, and
less prone to generate large amounts of ROS.

Autophagy normally proceeds at a low basal rate, and fasting strongly up-regulates it, as do a number
of chemical substances, “calorie restriction mimetics”, such as hydroxycitrate, nicotinamide, resveratrol,
and epicatechin gallate, a compound found in green tea.[5] The significance here for autophagy
enhancers as it relates to drug mechanism and the pathogenesis of mental and neurological disorders
is that many autophagy enhancers also extend lifespan in lab animals, so autophagy can be seen as a
general health-promoting process, essential to the healthy functioning of the organism, the absence or
diminution of which contributes to aging and disease, perhaps including mental illness.

AUTOPHAGY, INFLAMMATION, AND OXIDATIVE STRESS IN MENTAL ILLNESS

It is now well-established that inflammation and oxidative stress play a substantial, and perhaps even
pivotal, role in many mental illnesses, including major depression, bipolar disorder, schizophrenia, and
psychotic episodes.

In major depression, the use of selective serotonin uptake inhibitors (SSRIs) results in a remission rate
of less than two thirds of patients, which calls into question the serotonin hypothesis of depression. Yet
there is ample evidence that depressed patients have increased levels of inflammatory cytokines and
increased oxidative stress[6], accompanied by decreased levels of reduced and oxidized glutathione
and the enzyme glutathione peroxidase, which uses glutathione to protect against oxidative stress.[7]
Indeed, decreased levels of total glutathione characterized post mortem samples of brain tissue in all
psychiatric disorders.[8]  Oxidative stress is increasingly seen as a significant factor in multiple
psychiatric disorders.[9] In major depression, inflammation may cause neurodegeneration; factors that
predispose toward an increase in inflammation, such as low levels of omega-3 fatty acids or increased
intestinal permeability to lipopolysaccharides, are also associated with depression.

Progression of bipolar disorder is also associated with increased inflammation and oxidative stress.[10]
Many peripheral biomarkers of oxidative stress and inflammation, such as inflammatory cytokines, are
elevated in patients with bipolar disorder, some of them at levels as high as seen in sepsis.[11]

In schizophrenia, inflammation-related genes are up-regulated.[12] Subclinical and chronic
inflammation is linked to schizophrenia, and metabolic syndrome and insulin resistance, which
increase inflammation, are common among schizophrenics.[13]

In psychosis, genes that regulate the production of pro-inflammatory cytokines are up-regulated.[14]
The use of glucocorticosteroids, which decrease inflammation, are associated with substantially and
significantly decreased risk for psychosis.[15]
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We see that good evidence exists for the presence of increased levels of inflammation and oxidative
stress in a number of psychiatric disorders. These processes would be expected to accompany a
decrease in autophagy, although evidence for specifically decreased levels of autophagy in mental
disorders is indirect. In older people, who would be expected to have aberrant autophagy signaling and
decreased basal and activated levels of autophagy, depression is common, and has led to the concept
of the “neuroprotective effect of brain reserve” in protection against depression.[16] Much of this brain
reserve effect may be due to appropriately regulated mTOR signaling, which mediates autophagy.
Rapamycin, which decreases mTOR signaling and increases autophagy, may increase the brain
reserve as a buffer against depression.[16]

MANY PSYCHOACTIVE DRUGS INCREASE AUTOPHAGY

Recent research has found that many psychoactive drugs of different classes used in the treatment of
diverse psychiatric disorders activate and increase autophagy in in vitro models, and some of them do
this quite strongly. It is a striking fact that drugs of diverse classes do this, and this suggests that
autophagy activation, along with concomitant decreases in inflammation and oxidative stress, as well
as increased quality and quantity of mitochondria, may be related to their mechanism of action. In
contrast, most drugs and compounds used in other areas of medicine apparently do not activate
autophagy.

Trifluoperazine and chlorpromazine, both anti-psychotic drugs, strongly increased autophagic activity in
a neuronal cell culture model, the former by greater than five-fold, the latter by four-fold.[17] In this
model, the antihistamine and sedative promethazine also increased autophagy four-fold. Fluspirilene,
an antipsychotic used in the treatment of schizophrenia, doubled autophagic activity, while quinacrine,
a drug used as an anti-protozoal, had no effect on autohagy.

In a model system using rat primary astrocytes and neurons, it was found that the antidepressant
drugs amitryptilene, a tricyclic, and citalopram, an SSRI, both increased autophagy.[18] In the same
model, however, venlaxafine, an SSRI that also inhibits norepinephrine reuptake, did not activate
autophagy.

The SSRI fluoxetine promotes autophagy in a chemoresistant Burke's lymphoma cell line, as does the
tetracyclic antidepressant maprotiline.[19] The widely used anticonvulsant and mood stabilizer valproic
acid induces autophagy in a glioma cell line.[20]

Lithium has been used in the treatment of bipolar disorder and depression for decades, and is of yet
another different class of compound, a mineral salt. Lithium extends life in metazoans, and it is
associated with increased lifespan in humans.[21] Lithium induces autophagy by an mTOR-
independent mechanism, through the inhibition of inositol monophosphatase.[22] This is likely to be its
mechanism of action in extending lifespan, though whether autophagy is involved in its alleviation of
bipolar disorder remains to be seen; doses used in bipolar disorder are hundreds fold higher than
those that extend lifespan.

It can be seen that a number of members of varied classes of psychoactive compounds, such as
tricyclics, SSRIs, a mineral salt, and antipsychotics, activate autophagy, some of them quite strongly.
In contrast, most chemical compounds apparently do not activate autophagy. For example, the
Prestwick Chemical Library is a collection of 1,280 compounds that have been approved for human
use by the FDA, EMA, and other agencies. This collection was specifically designed for screening
purposes and to produce a low number of non-hits. In a screening for autophagic activity of 1,120 of
FDA-approved compounds from the Prestwick Chemical Library, only 38 of them were identified as
potential activators of autophagy.[23] Interestingly, among the potential autophagy activators was the
SSRI paroxetine.

In a screening of 50,729 small molecular compounds for ability to inhibit mTOR and enhance
autophagy, only 3 were found that were both non-toxic and induced autophagy in mammalian cells.[24]
Both of these examples of the screening of large numbers of drugs and chemical compounds for their
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ability to enhance or induce autophagy and the finding of only a few, stand in stark contrast to the
number of psychoactive drugs that promote autophagy. The difference seems unlikely to be due to
chance alone.

AUTOPHAGY ACTIVATORS HAVE PSYCHOACTIVE AND NEURONAL EFFECTS

In contrast to the seemingly very low rate of autophagy enhancers among both FDA-approved drugs
and a large array of small molecular compounds, a number of interventions, both chemical and
otherwise, that are known to induce autophagy also have antidepressant or other psychoactive effects
in animal models, and sometimes in humans.

Rapamycin, an immunosuppressant which is well-known as an inhibitor of mTOR and which strongly
activates autophagy, has antidepressant effects in rats and mice.[25]

The disaccharide trehalose, which activates autophagy and which extends the lifespan of the
nematode C. elegans[26], has antidepressant effects in a mouse model.[27]

Exercise has an antidepressant effect in humans[28], and up-regulation of autophagy appears to be
critical to the beneficial health effects of exercise.[29]

Resveratrol activates AMPK and thus increases autophagy.[30] It also has an antidepressant effect in
a mouse model.[31]

The very low carbohydrate ketogenic diet (VLCKD) has a decades-long successful record in the
treatment of refractory epilepsy.[32] While the precise anticonvulsant mechanism of the VLCKD in
epilepsy is unknown, increased mitochondrial biogenesis and enhanced brain metabolism are thought
to play a role.[33] Autophagy induces or enhances mitochondrial biogenesis, and the VLCKD also
induces autophagy.[34] In addition, an intervention which produces ketone bodies, fasting, causes
profound neuronal autophagy.[35] There is some indication that ketogenic diets may be useful in the
treatment of schizophrenia. [36.]

We see that five interventions or compounds of disparate classes that are not psychoactive drugs, from
an immunosuppressant to a sugar to a polyphenol to physical activity to a ketogenic diet, both activate
autophagy and have antidepressant or other psychoactive or neuronal effects in humans or animal
models.

CONCLUSIONS

We have seen that a wide array of psychoactive drugs from diverse classes induce or activate
autophagy, the disregulation of which is prominent in a number of disease states. Regulation of
autophagy is intertwined with various cellular sensors that also affect control of inflammation and
oxidative stress. Hence, autophagy could be central to some of these drugs' mechanism of action
either by the increase of autophagy itself, or by the concomitant decrease in inflammation and
oxidative stress, which are increasingly thought to play a pivotal role in neurological and psychiatric
disorders.

So far as is known, the proportion of FDA-approved compounds and small molecules that induce or
enhance autophagy is small, much smaller than that found in psychoactive drugs. This lends some
additional support to the notion that autophagy is important to the efficacy of psychoactive drugs used
in the treatment of mental illness. Other interventions and compounds, such as exercise, rapamycin,
trehalose, resveratrol, and the ketogenic diet, activate autophagy and have antidepressant or other
psychoactive and neuronal effects in animal models and in some cases in humans.

Further research is needed on the effects on autophagy of psychoactive drugs. Most of the effects
seem so far to have been discovered almost by chance; a systematic screening of psychoactive drugs
for autophagic activity may be useful and may help to clarify whether and how much autophagy plays a
role in psychiatric disorders.
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The putative role of autophagy activation in the effects of psychoactive drugs lends further evidence to
the centrality of inflammation and oxidative stress, and perhaps autophagy itself, in mental illness.

ABBREVIATIONS

mTOR: mammalian target of rapamycin

AMPK: adenosine monophosphate-activated protein kinase

ATP: adenosine triphosphate

SSRI: selective serotonin reuptake inhibitor

ROS: reactive oxygen species

FDA: Food and Drug Administration

EMA: European Medicines Agency

VLCKD: very low carbohydrate ketogenic diet

Competing Interests: The author declares that he has no competing interests.

REFERENCES

1. Rubinsztein, David C., Guillermo Mariño, and Guido Kroemer. “Autophagy and aging.” Cell, 146, no.
5 (2011): 682-695.

2. Levine, Beth, and Guido Kroemer. “Autophagy in the pathogenesis of disease.”Cell, 132, no. 1
(2008): 27-42.

3. Salminen, Antero, and Kai Kaarniranta. “AMP-activated protein kinase (AMPK) controls the aging
process via an integrated signaling network.” Ageing Research Reviews, 11, no. 2 (2012): 230-241.

4. Green, Douglas R., Lorenzo Galluzzi, and Guido Kroemer. “Mitochondria and the autophagy–
inflammation–cell death axis in organismal aging.” Science 333, no. 6046 (2011): 1109-1112.

5. Mariño, G., Pietrocola, F., Madeo, F., & Kroemer, G. (2014). Caloric restriction mimetics:
natural/physiological pharmacological autophagy inducers.Autophagy, 10(11), 1879-1882.

6. Maes, M., Yirmyia, R., Noraberg, J., Brene, S., Hibbeln, J., Perini, G., ... & Maj, M. (2009). The
inflammatory & neurodegenerative (I&ND) hypothesis of depression: leads for future research and new
drug developments in depression. Metabolic Brain Disease, 24(1), 27-53.

7. Maes, M., Galecki, P., Chang, Y. S., & Berk, M. (2011). A review on the oxidative and nitrosative
stress (O&NS) pathways in major depression and their possible contribution to the (neuro)
degenerative processes in that illness. Progress in Neuro-Psychopharmacology and Biological
Psychiatry, 35(3), 676-692.

8. Gawryluk, J. W., Wang, J. F., Andreazza, A. C., Shao, L., & Young, L. T. (2011). Decreased levels
of glutathione, the major brain antioxidant, in post-mortem prefrontal cortex from patients with
psychiatric disorders. International Journal of Neuropsychopharmacology, 14(1), 123-130.

9. Ng, F., Berk, M., Dean, O., & Bush, A. I. (2008). Oxidative stress in psychiatric disorders: evidence
base and therapeutic implications. International Journal of Neuropsychopharmacology, 11(6), 851-876.

10. Berk, M., Kapczinski, F., Andreazza, A. C., Dean, O. M., Giorlando, F., Maes, M., ... & Malhi, G. S.
(2011). Pathways underlying neuroprogression in bipolar disorder: focus on inflammation, oxidative
stress and neurotrophic factors. Neuroscience & Biobehavioral Reviews, 35(3), 804-817.

AUTOPHAGY ACTIVATION AS A MECHANISM OF ACTION OF PSYCHOACTIVE DRUGS, REVISED AND
EXPANDED VERSION : BIOLOGICAL SCIENCES

MANGAN The Winnower MAY 25 2015 5



11. Kapczinski, F., Dal-Pizzol, F., Teixeira, A. L., Magalhaes, P. V., Kauer-Sant’Anna, M., Klamt, F., ...
& Post, R. (2011). Peripheral biomarkers and illness activity in bipolar disorder. Journal of Psychiatric
Research, 45(2), 156-161.

12. Saetre, P., Emilsson, L., Axelsson, E., Kreuger, J., Lindholm, E., & Jazin, E. (2007). Inflammation-
related genes up-regulated in schizophrenia brains. BMC Psychiatry, 7(1), 46.

13. Fan, X., Goff, D. C., & Henderson, D. C. (2007). Inflammation and schizophrenia. Expert Review of
Neurotherapeutics, July 2007, Vol. 7, No. 7, Pages 789-796

14. Mondelli, V., Cattaneo, A., Di Forti, M., Handley, R., Hepgul, N., Miorelli, A., ... & Pariante, C. M.
(2011). Stress and inflammation reduce brain-derived neurotrophic factor expression in first-episode
psychosis: a pathway to smaller hippocampal volume. The Journal of Clinical Psychiatry, 72(12), 1677-
1684.

15. Laan, W., Smeets, H., de Wit, N. J., Kahn, R. S., Grobbee, D. E., & Burger, H. (2009).
Glucocorticosteroids associated with a decreased risk of psychosis. Journal of Clinical
Psychopharmacology, 29(3), 288-290.

16. Freret, T., Gaudreau, P., Schumann-Bard, P., Billard, J. M., & Popa-Wagner, A. (2014).
Mechanisms underlying the neuroprotective effect of brain reserve against late life depression. Journal
of Neural Transmission, 1-7. 24.

17.Tsvetkov, A. S., Miller, J., Arrasate, M., Wong, J. S., Pleiss, M. A., & Finkbeiner, S. (2010). A small-
molecule scaffold induces autophagy in primary neurons and protects against toxicity in a Huntington
disease model. Proceedings of the National Academy of Sciences, 107(39), 16982-16987.

18. Zschocke, J., Zimmermann, N., Berning, B., Ganal, V., Holsboer, F., & Rein, T. (2011).
Antidepressant drugs diversely affect autophagy pathways in astrocytes and neurons—dissociation
from cholesterol homeostasis. Neuropsychopharmacology, 36(8), 1754-1768.

19. Cloonan, S. M., & Williams, D. C. (2011). The antidepressants maprotiline and fluoxetine induce
Type II autophagic cell death in drug‐resistant Burkitt's lymphoma. International Journal of Cancer,
128(7), 1712-1723.

20. Fu, J., Shao, C. J., Chen, F. R., Ng, H. K., & Chen, Z. P. (2010). Autophagy induced by valproic
acid is associated with oxidative stress in glioma cell lines.Neuro-Oncology, 12(4), 328-340.

21. Zarse, K., Terao, T., Tian, J., Iwata, N., Ishii, N., & Ristow, M. (2011). Low-dose lithium uptake
promotes longevity in humans and metazoans. European Journal of Nutrition, 50(5), 387-389.

22. Sarkar, S., Floto, R. A., Berger, Z., Imarisio, S., Cordenier, A., Pasco, M., ... & Rubinsztein, D. C.
(2005). Lithium induces autophagy by inhibiting inositol monophosphatase. The Journal of Cell Biology,
170(7), 1101-1111.

23. Hundeshagen, P., Hamacher-Brady, A., Eils, R., & Brady, N. R. (2011). Concurrent detection of
autolysosome formation and lysosomal degradation by flow cytometry in a high-content screen for
inducers of autophagy. BMC Biology, 9(1), 38.

24. Floto, R. A., Sarkar, S., Perlstein, E. O., Kampmann, B., Schreiber, S. L., & Rubinsztein, D. C.
(2007). Small molecule enhancers of rapamycin-induced TOR inhibition promote autophagy, reduce
toxicity in Huntington’s disease models and enhance killing of mycobacteria by macrophages.
Autophagy, 3(6), 620-622.

25. Cleary, C., Linde, J. A. S., Hiscock, K. M., Hadas, I., Belmaker, R. H., Agam, G., ... & Einat, H.
(2008). Antidepressive-like effects of rapamycin in animal models: Implications for mTOR inhibition as
a new target for treatment of affective disorders. Brain Research Bulletin, 76(5), 469-473.

AUTOPHAGY ACTIVATION AS A MECHANISM OF ACTION OF PSYCHOACTIVE DRUGS, REVISED AND
EXPANDED VERSION : BIOLOGICAL SCIENCES

MANGAN The Winnower MAY 25 2015 6



26. Honda, Y., Tanaka, M., & Honda, S. (2010). Trehalose extends longevity in the nematode
Caenorhabditis elegans. Aging Cell, 9(4), 558-569.

27. Kara, N. Z., Toker, L., Agam, G., Anderson, G. W., Belmaker, R. H., & Einat, H. (2013). Trehalose
induced antidepressant-like effects and autophagy enhancement in mice. Psychopharmacology,
229(2), 367-375.

28. Singh, N. A., Clements, K. M., & Singh, M. A. F. (2001). The Efficacy of Exercise as a Long-term
Antidepressant in Elderly Subjects A Randomized, Controlled Trial. The Journals of Gerontology
Series A: Biological Sciences and Medical Sciences, 56(8), M497-M504.

29. He, C., Bassik, M. C., Moresi, V., Sun, K., Wei, Y., Zou, Z., ... & Levine, B. (2012). Exercise-
induced BCL2-regulated autophagy is required for muscle glucose homeostasis. Nature, 481(7382),
511-515.

30. Price, N. L., Gomes, A. P., Ling, A. J., Duarte, F. V., Martin-Montalvo, A., North, B. J., ... & Sinclair,
D. A. (2012). SIRT1 is required for AMPK activation and the beneficial effects of resveratrol on
mitochondrial function. Cell Metabolism, 15(5), 675-690.

31. Xu, Y., Wang, Z., You, W., Zhang, X., Li, S., Barish, P. A., ... & Ogle, W. O. (2010). Antidepressant-
like effect of trans-resveratrol: involvement of serotonin and noradrenaline system. European
Neuropsychopharmacology, 20(6), 405-413.

32. Neal, E. G., Chaffe, H., Schwartz, R. H., Lawson, M. S., Edwards, N., Fitzsimmons, G., ... & Cross,
J. H. (2008). The ketogenic diet for the treatment of childhood epilepsy: a randomised controlled trial.
The Lancet Neurology,7(6), 500-506.

33. Bough, K. J., Wetherington, J., Hassel, B., Pare, J. F., Gawryluk, J. W., Greene, J. G., ... &
Dingledine, R. J. (2006). Mitochondrial biogenesis in the anticonvulsant mechanism of the ketogenic
diet. Annals of Neurology, 60(2), 223-235.

34. Finn, P. F., & Dice, J. F. (2005). Ketone bodies stimulate chaperone-mediated autophagy. Journal
of Biological Chemistry, 280(27), 25864-25870

35. Alirezaei, M., Kemball, C. C., Flynn, C. T., Wood, M. R., Whitton, J. L., & Kiosses, W. B. (2010).
Short-term fasting induces profound neuronal autophagy. Autophagy, 6(6), 702-710.

36. Kraft, B. D., & Westman, E. C. (2009). Schizophrenia, gluten, and low-carbohydrate, ketogenic
diets: a case report and review of the literature. Nutr Metab (Lond), 6(1), 10.

AUTOPHAGY ACTIVATION AS A MECHANISM OF ACTION OF PSYCHOACTIVE DRUGS, REVISED AND
EXPANDED VERSION : BIOLOGICAL SCIENCES

MANGAN The Winnower MAY 25 2015 7


	Autophagy activation as a mechanism of action of psychoactive drugs, revised and expanded version
	ABSTRACT
	BACKGROUND
	FINDINGS
	CONCLUSIONS
	AUTOPHAGY, HEALTH, AND DISEASE
	CORRESPONDENCE:
	DATE RECEIVED:
	DOI:
	ARCHIVED:
	KEYWORDS:
	CITATION:

	AUTOPHAGY, INFLAMMATION, AND OXIDATIVE STRESS IN MENTAL ILLNESS
	MANY PSYCHOACTIVE DRUGS INCREASE AUTOPHAGY
	AUTOPHAGY ACTIVATORS HAVE PSYCHOACTIVE AND NEURONAL EFFECTS
	CONCLUSIONS
	ABBREVIATIONS
	REFERENCES


