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Although there is one exception (red blood cells), the lack of energy (ATP) provided by mitochondrial oxidative
phosphorylation (OXPHOS) is not compatible with the long-term survival of normal cells. During conventional
metabolism, pyruvate, the cytosolic glycolysis product, enters the mitochondria, where it is metabolized to acetyl-
coenzyme A (acetyl-CoA) under the influence of the enzyme pyruvate dehydrogenase complex (PDC). Acetyl-CoA
makes an important contribution to the tricarboxylic acid (TCA) cycle, which feeds NADH and FADH2 to the
respiratory chain, where they benefit the generation of ATP by OXPHOS.

In some diseased cells, however, pyruvate metabolism becomes aberrant since its transport into the mitochondria
is blunted due to the downregulation of PDC because of its inhibition by pyruvate dehydrogenase kinase (PDK),
which in turn is upregulated by hypoxia-inducible factor 1α (HIF-1α). Therefore, pyruvate undergoes fermentation
to lactate in the cytosol. This alternate pathway of pyruvate metabolism is known as the Warburg effect, named after
the individual who discovered it, Otto Warburg. Since pyruvate does not enter the mitochondria, mitochondrial
ATP synthesis is depressed. Warburg-type metabolism, however, compensates for this by rapidly, albeit inefficiently,
synthesizing ATP in the cytosol. Warburg metabolism (also known as aerobic glycolysis) is almost always associated
with pathological cells.

Melatonin in mitochondria: concentration & synthesis
Melatonin (N-acetyl-t-methoxytryptamine) was discovered in a neural outgrowth, the pineal gland, in 1958. For
decades thereafter, this methoxyindole was recognized for its circadian (clock) and circannual (calendar) synchroniz-
ing actions, such as the sleep–wake cycle and seasonal reproduction. Subsequently, reports were published proving
that melatonin is present in many extrapineal tissues [1], and when examined it was identified in mitochondria,
where its concentration is much greater than in other subcellular organelles [2]. Importantly, these high levels
persisted in tissues of animals that had their pineal gland surgically removed, so the mitochondrial melatonin in
peripheral cells was not of pineal origin [2]. Because of its high concentration in mitochondria, it was surmised that
it is synthesized in these organelles [3].
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That mitochondria may produce melatonin is consistent with its evolution. Melatonin is an ancient molecule
that is believed to have originated as an antioxidant in prokaryotes 3.0–2.5 billion years ago [4]. These bacteria
were eventually phagocytosed by the earliest prokaryotes (2.5–1.5 billion years ago), where they evolved into
mitochondria (the endosymbiotic theory for the origin of mitochondria). After doing so, the ability of prokaryotes
to synthesize melatonin was retained since its relentless antioxidant activity was critical in an organelle such as the
mitochondria that produce an abundance of reactive oxygen species (ROS)/free radicals. Not only did the early
eukaryotes take advantage of melatonin actions in the mitochondria, every eukaryotic cell that evolved thereafter
found it advantageous to retain melatonin synthesis in this organelle.

These findings prompted a search for melatonin-forming enzymes in mitochondria of present-day eukaryotic
cells, the outcome of which revealed that indeed these organelles have retained the two enzymes required to convert
serotonin to melatonin, such as arylalkylamine N-acetyltransferase (AANAT) and acetyl serotonin methyltransferase
(ASMT) [5]. Moreover, when challenged with the appropriate substrates, the mitochondria rapidly synthesized
melatonin. Although the Suofu et al. [5] study is elegant and thorough, an earlier study by He et al. [6] has
one feature that makes it of utmost importance. After the isolation of the mitochondria from rodent oocytes,
these organelles were found to convert serotonin to melatonin. The critical nature of this lies in the fact that all
mitochondria in adult mammals are maternally derived. Thus, we predicted that during embryological development
and postnatal growth, mitochondria of every cell retained the melatonin-forming ability because of the advantages
it provided as a potent antioxidant in this ROS-rich organelle [7].

Consequences of the absence of melatonin synthesis in mitochondria
The inability of cells to generate melatonin in their mitochondria invariably contributes to cellular disease. A
shutdown of mitochondrial melatonin synthesis occurs when the intramitochondrial conversion of pyruvate to
acetyl-CoA does not occur [7]. Acetyl-CoA is a necessary co-factor/substrate for the rate-limiting enzyme in mela-
tonin synthesis (AANAT), and without it, melatonin cannot be produced. Cancer cells, as well as other diseased
cells, hijack pyruvate metabolism from the mitochondria by preventing its conversion to acetyl-CoA, causing its
fermentation to lactate in the cytosol (the Warburg effect). Without acetyl-CoA production in mitochondria, mela-
tonin formation is also halted. Loss of melatonin, a potent antioxidant in mitochondria, has serious consequences
in terms of enhanced oxidative stress and diminished ATP production accompanied by elevated ROS/free radical
generation [8]. These changes have dire consequences for mitochondrial and cellular physiology and are common
in mitochondrial syndrome and mitochondrial diseases.

Melatonin is a critical intramitochondrial antioxidant since it functions as a direct free radical scavenger and by
stimulating antioxidant enzymes [4], including superoxide dismutase 2 (SOD2), catalase and glutathione reductase.
Each of these enzymes participates in maintaining mitochondrial redox homeostasis. Glucose metabolism and the
Warburg effect have been extensively studied in many disease states [9–12]. By necessity, the measurements have
always been performed on tissues collected during the day with the assumption that these end points were also the
same at night. Several years ago, however, it was reported that experimental mammary tumors (derived from human
cancer cells) growing in vivo employed Warburg-type metabolism during the day (as had been reported many times),
but at night, the tumors switched from Warburg metabolism to mitochondrial OXPHOS based on measurements
of glucose utilization and lactate production [13]. Moreover, this remarkable nocturnal transformation was controlled
by the pineal-derived nocturnal rise in circulating melatonin. The mitochondria of the cancer cells are presumably
incapable of their own melatonin synthesis during the day because they lack the necessary substrate, acetyl-CoA [9].
Recall that the cancer cells cannot produce melatonin because the enzyme that catalyzes pyruvate to acetyl-CoA,
PDC, is strongly downregulated due to inhibition by PDK, which is upregulated by HIF-1α [14]. Melatonin has
been repeatedly shown to inhibit HIF-1α, resulting in a reduction of PDK activity and the disinhibition of PDC,
allowing mitochondrial melatonin synthesis to occur and for OXPHOS to be activated. During hypoxia, HIF-1α

regulates several genes that promote cellular adaptation to adverse conditions. The elevated expression of glucose
transporters regulated by HIF-1α, in particular GLUT-1 and GLUT-3, increases glucose uptake and enhances
glycolysis, which is predominant under hypoxic conditions. Inhibition of HIF-1α, for example by melatonin, leads
to the downregulation of glycolysis in cancer cells, thereby altering tumor adaptive mechanisms [15].

During the day, melatonin is neither produced in the mitochondria nor is there any available from the blood, so
cancer cells revert back to Warburg-type metabolism [7]. What this implies, of course, is that during the day, cancer
cells are functioning as such, but at night they behave with a healthier phenotype – that is, they are only cancerous
50% of the time [8]. It seems likely that when other cancerous and diseased cells are examined at night (when
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collected in darkness), they will also be found to exhibit a day–night metabolic shift, thus making the mitochondria
dysfunctional only part of the time. This should be documented in other diseases where melatonin is shown to be
inhibitory by comparing daytime and night-time glucose metabolism [13]. If similar observations are made in other
disease models, such as observed for mammary cancer cell metabolism, at least relative to pyruvate metabolism, it
would indicate that they also are only pathological 50% of the time [7]. Such studies cannot be performed in vitro,
since cells growing in culture are not exposed to a circadian melatonin rhythm. This exposes a shortcoming of some
cancer metabolism studies.

Pineal-derived, nocturnally elevated blood melatonin is taken up by mitochondria via the oligopeptide trans-
porters, PEPT 1/2, by diseased cells, where it inhibits HIF-1α, thereby disinhibiting PDC. This stabilizes mito-
chondrial physiology by allowing them to synthesize melatonin and to use OXPHOS as a means of ATP production,
and therefore it reconfigures diseased cells to a more normal phenotype. As a result, it is obvious that anything that
interferes with the night-time melatonin rise would also compromise the mitochondrial function of all cells.

Although exogenously administered melatonin inhibits cell proliferation of most cancer cells, there are also
a few cancer cell types where it additionally induces cell death. A major factor that accounts for the different
responses in the cells where melatonin induces cell death is the unexpected large increase in ROS generation.
Several genes have been recently reported to be differentially expressed after melatonin treatment in one of the cell
types in which ROS production is exaggerated [16]. One such protein that is clearly expressed is dihydrolipoamide
(DLD), an element of the PDC enzyme complex. DLD is downregulated in these tumor cells, and PDC cannot
be re-activated even after HIF-1α is inhibited by melatonin. This situation results in reduced intramitochondrial
acetyl-CoA synthesis and, consequently, suppression of downstream mitochondrial functions, leading to a massive
rise in ROS that causes cell death [16]. In most cancer cells, melatonin reconfigures Warburg metabolism to the
more normal oxidative phosphorylation for ATP production. In these exceptional cell types, melatonin also reverses
Warburg-type metabolism but does not allow OXPHOS or other mitochondrial functions to occur, causing these
cell types to die.

Given that manufactured light sources, which are commonly used after darkness onset in most current societies,
can inhibit pineal melatonin production and release, the adoption of an indoor lifestyle with the misuse of light
at night both reduces melatonin levels and desynchronizes the regular melatonin rhythm that was common in our
evolutionary ancestors who depended on the rising and setting of the sun for their light–dark information. Hence,
the often-reported association between light-at-night, melatonin suppression and increased cancer incidence may
well be a result of the accompanying perturbed mitochondrial physiology.

There are several unavoidable natural conditions where the night-time melatonin rise is severely blunted. For
example, there are individuals who have genetically based melatonin insufficiency, referred to as hypomelatoninemia.
Likewise, throughout life, the melatonin rhythm becomes dampened such that in many elderly individuals, this
cycle almost disappears due to the failure of the pineal gland to produce and secrete melatonin nightly. A loss of
melatonin at the mitochondrial level also accompanies aging [17]. Thus, aged individuals would be expected to
have significantly perturbed mitochondrial function, which they do [18]. As a corollary, cellular mitochondria are
essentially in a permanently ‘diseased state’ such that aged individuals display an increased vulnerability to cancer
development (and other mitochondria-related diseases). An excellent treatment to help in improving mitochondrial
physiology in late life may be the night-time use of melatonin by these individuals, a solution that has been suggested
by many scientists.

Melatonin & the metabolic shift
In addition to the report showing that melatonin mediates the metabolic shift from Warburg metabolism to
OXPHOS in mammary cancer [13], there are other examples of disease states where cellular metabolism can be
forced to fluctuate between these metabolic phenotypes. The conversion of hyperinflammatory M1 macrophages
to less inflammatory M2 macrophages also depends on this metabolic shift, an action that is likely mediated by
melatonin [19]. Disease states that exhibit abnormal pyruvate metabolism are classified as mitochondrial diseases or
that they suffer from the mitochondrial syndrome. There is a long list of such conditions [20]. In diseases where
the metabolism of cells could be transformed to the more conventional OXPHOS, the severity of these conditions
would likely be reduced. There is an intensive ongoing search for molecules (called glycolytics) that can reconfigure
Warburg-type metabolism to OXPHOS, the best known of which is dichloroacetate (DCA). DCA is a synthetic
molecule which, like endogenously produced melatonin, is an anticancer agent. Both DCA and melatonin are
inhibitors of HIF-1α, which is important for maintaining a more normal mitochondrial phenotype.
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Conclusion & perspective
Due to the uncommonly large number of disease processes that melatonin influences, we recently suggested that
these conditions may have a yet-to-be-identified common basis that melatonin impacts [7]. Here, we propose that
this common denominator likely involves melatonin synthesis and its actions in mitochondria. Mitochondrial
dysregulation including aerobic glycolysis (Warburg) is linked to a plethora of varied pathophysiological conditions
such as cancer, psychological illnesses, inflammation, fibrosis, Alzheimer disease, traumatic brain injury, and au-
toimmunity. It will be the goal of future scientists to define the association of melatonin with mitochondrial
physiology in each of these conditions, many of which have already been found to benefit from melatonin therapy.
There are also nondiseased cells, often those that are rapidly proliferating, that utilize Warburg metabolism in lieu
of OXPHOS. Since these are nondiseased cells, their mitochondria are presumably producing melatonin so the
night-time blood melatonin rise performs its other essential function – that is, as a circadian-synchronizing agent.
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16. Rodŕıguez C, Puente-Moncada N, Reiter RJ et al. Regulation of cancer cell glucose metabolism is determinant for cancer cell fate after
melatonin administration. J. Cell. Physiol. 236(1), 27–40 (2020).

17. Jauhari A, Baranov SV, Suofu Y et al. Melatonin inhibits cytosolic mitochondrial DNA-induced neuroinflammatory signaling in
accelerated aging and neurodegeneration. J. Clin. Invest. 130(6), 3124–3136 (2020).

18. Huang Z, Chen Y, Zhang Y. Mitochondrial reactive oxygen species cause major oxidative mitochondrial DNA damages and repair
pathways. J. Biosci. 45, 84 (2020).

338 Future Med. Chem. (2021) 13(4) future science group



Melatonin synthesis in & uptake by mitochondria: implications for diseased cells with dysfunctional mitochondria Commentary

19. Reiter RJ, Sharma R, Ma Q et al. Plasticity of glucose metabolism in activated immune cells: advantages for melatonin inhibition of
COVID-19 disease. Melatonin Res. 3(3), 362–279 (2020).

20. Bornstein R, Gonzalez B, Johnson SC. Mitochondrial pathways in human health and aging. Mitochondrion 54, 72–84 (2020).

future science group www.future-science.com 339





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 400
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'PPG Indesign CS4_5_5.5'] [Based on 'PPG Indesign CS3 PDF Export'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks true
      /BleedOffset [
        8.503940
        8.503940
        8.503940
        8.503940
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 600
        /LineArtTextResolution 2400
        /PresetName (Pureprint flattener)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.835590
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


